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Abstract 
 
Polypropylene has proven to be the ideal material for the outer shell of the lead acid 
batteries.  Due to its mold-ability and inert properties the material provides a capsule for 
the functioning components of the lead acid battery and can withstand a variety 
conditions encountered during its application, such as impact shock resistance, high and 
low temperatures and acid resistance. 
 
Polypropylene has however become of great concern with regards to environmental 
pollution since it is generally resistant to normal conditions of degradation and can only 
be properly disposed of by incineration.  This factor has encouraged the industry to find 
ways to regenerate spent polypropylene. A good example of such a process is the 
recycling of lead acid batteries. 
 
This allows not only for the regeneration of lead, but also for the recycling of 
polypropylene in the manufacturing of battery cases.  There are some cost advantages in 
using recycled polypropylene.  However it does have its disadvantages in that the 
material does start to deteriorate after multiple processes.  A common practice amongst 
battery manufacturers is to add virgin polypropylene to the recycled material in order to 
ensure performance consistency.  
 
The comparative study investigated the use of various ratios of virgin and recycled PP in 
the manufacturing of lead acid battery cases and their influence on the physical 
properties and performance of the final material.  The degradation of PP was also 
investigated as the material was subjected to multiple manufacturing processes where 
the influence of stabilizers was further considered. 
 
A common technique of PP analysis such as MFI was shown to be an effective 
technique to maintain good quality control.  The study further showed that it is important 
that the material grade of PP used in the manufacturing of the battery case and lid is 
compatible in order to allow for effective heating sealing of the two components. 
 
III  
Polypropylene has a waxy surface finish and it is generally difficult to label or write on.   
Labels tend to fall off in application and make it difficult to maintain a track record of the 
manufactured batteries with time.   This study showed successfully that a laser activated 
dye can be added to the PP without influencing its color or its performance.  This allows 
for successful labeling of battery cases by various bar coding writers that can trace the 
battery through its manufacturing process. 
 
Lead acid batteries are often operated outside the specified temperature range that is 
determined by battery manufacturers resulting in premature failure.  These failures can 
occur within the warranty period of the battery and result in illicit claims since the 
monitoring of the batteries in its application was not possible.  A suitable temperature 
monitoring device was designed that would be incorporated into the vent cap or lid of the 
battery case.  The device contained temperature sensitive indicators that would undergo 
a permanent color change at specified temperatures thereby giving the battery 
manufacturer an indication as to the maximum temperature the battery was exposed to. 
 
Key words:  Recycled and virgin polypropylene, laser activated dye, temperature 
monitoring and MFI. 
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Chapter 1  
1.   Introduction 
Polypropylene (PP) is one of the most commonly known plastics and very versatile in its 
application in the polymer industry. Professor G Natta of Milan developed the material in 
the early 1950’s in collaboration with Montecatini Chemical Company using Ziegler type 
catalysts1.  
 
The polymer has since gained enormous attention as no other polymer encompasses its 
versatility in physical properties, regarding its ease of manufacture and its use in many 
applications1.  The polymer is a thermoplastic and can be heated to a melt in a matter of 
minutes and molded into a variety of shapes and sizes with great ease.  The material is 
also resistant to oxidation or environmental degradation and has its application in a 
variety of corrosive environments.  The latter however highlights one of polypropylenes 
greatest disadvantages regarding its impact on waste disposal in the environment.   
Waste material made from the polymer can only be disposed of properly by incineration2.  
 
Due to polypropylene’s stability towards sunlight, air and many other chemicals, the 
polymer has become one of the biggest factors concerning the pollution of the 
environment as its use has increased.  In its short life span, the means of trying to 
recycle polypropylene is a priority according to the American Plastics council 2. 
 
Polypropylene recycling has become an established international industry, where a 
number of variables and specifications must be considered that influence the feasibility of 
using recycled material.  The recycling process and the use of recycled material must be 
adapted in each application as to comply with the consumer’s specifications that it was 
intended for.  In particular, the strength, durability, appearance and the purity levels.   
 
As the recycled polymer gets reused, an important parameter, such as how many times it 
has been processed (reheated and remolded), starts to play a role on the impact 
strength, durability, colour appearance and impurity levels of the polymer in the final 
product 3,4. 
2  
 
A wide range of additives, colorants, flame-retardants and stabilizers were developed in 
order to enhance not only virgin polypropylene, but also its counter part, recycled 
polypropylene.  These various additives might enhance certain properties of the polymer, 
but could also be detrimental in their use as recycled PP in different applications 5,6.   
 
An example of such a case would be to add chemicals that have hindered phenols 
to virgin polypropylene in order to stop degradation during the melt processing as 
well exposure to long-term stresses. During its application the formation of free 
radicals are reduced, however an increase in yellowness could occur for opaque 
objects, as the polymer is recycled.  One explanation for these occurrences is the 
formation of phenolic complexes, with transitions metal catalyst residues trapped 
within the material 6.   
 
The extend to what types and amount of additives are used for this matter, depend on 
specific applications where process parameters should be researched before 
implementation. 
 
1.1. The chemistry of polypropylene 
The word polymer comes from the Greek language.  “poly” meaning, many and  “mer 
(meros)”, meaning units.  Hence, the word polymer means many units.  Polymers are 
long chains of linked repetitive units of specific molecules.  In polypropylene the 
repetitive unit is propylene, which have been chemically linked to each other to form long 
molecular chains.    
 
Polypropylene is manufactured by addition polymerization and is classified as a semi-
crystalline polymer.1   In polypropylene, the chain structure can either be lying next to 
each other in the same symmetry to form ordered sites (crystalline) or the chains are 
randomly with regard to each other to form non-ordered sites (amorphous) 7. 
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These types of reactions can be classified as a free-radical process, cationic process, 
anionic process, coordination process or ring-opening processes.7   The process of 
manufacturing can be specialized to obtain a homopolymer or copolymer with a variety of 
chain lengths and configurants and can be represented as follows. 
 
             
n
n
           (1.1) 
 
The chain length and positions of the Methyl (-CH3) groups on the polymer can be 
regulated during polymerization to form products with different properties.  In general, the 
three types of polymers obtained are isotactic, syndiotactic and atactic as described 
below1. 
 
Isotactic polypropylene: All the methyl groups are situated on the same side of the 
polymer chain.  This form of polypropylene is mainly used in the plastics processing 
industry for manufacturing of toys, food containers, and battery boxes and is shown in 
equation 1.2. 
                 
           n               (1.2) 
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Syndiotactic polypropylene:  The methyl groups alternate regularly between the two 
sides of the polymer backbone.  This form of polypropylene is generally used in 
applications where transparency is required and is shown in equation 1.3. 
 
           
n
              (1.3) 
 
Atactic polypropylene:  Methyl groups are randomly situated around the polymer 
backbone.  This form of polypropylene is mainly used in polypropylene welding 
applications. 
 
           
n
              (1.4) 
 
This study will only be concerned with Isotactic polypropylene as this form is used in the 
manufacturing of lead acid battery casings. 
 
1.2.  Properties of Polypropylene 
The chemical properties of PP in terms of its chain lengths and its level of crystallinity 
predominantly influence the properties of the material.  One can imagine polypropylene 
as being almost the same as a combination of cooked (elastic) and uncooked (stiff) 
spaghetti. The cooked spaghetti can lie randomly and presents the amorphous or 
randomly ordered molecular chains. The uncooked spaghetti are stiff while packaged 
and usually lie symmetrical with regard to each other and present the crystalline sites or 
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ordered molecular chains7.   Spaghetti can differ in lengths from brand to brand and so 
can polypropylene molecular chains depending on the relevant grade.  
 
The properties of polypropylene are influenced by a mixture  of crystalline and amorphous 
(non-crystalline) phases and they’re relative proportions influence the strength, elasticity, 
hardness and durability considerably8.  The elasticity of a polymer relates to the impact 
resistance of a molded object.  When a force is applied to a specific polymer, the 
randomly ordered chains are forced into ordered arrangement.   
 
Depending on the force applied, a certain amount of chains in the material will “stretch”, 
but then return to their original shape when the force is removed.  The degree of 
entanglement of the polymer chains, can be seen as closely packed elastic bands, where 
the applied energy will be stored and released or can be lost due to permanent 
deformation of the object.  
 
The length of the molecular chains also influences the elasticity of the material.  Longer 
chains allow for more entanglements and therefore influence the ability of the chains to 
reorder themselves after an applied force.  A polymer with longer chain lengths will 
generally have more chain entanglements than one with shorter chain lengths and be 
more elastic in character. 
  
The amount of crystalline sights or crystallinity of a polymer accounts mainly for 
hardness properties observed for a given polymer, as the chains that lie in a more 
ordered arrangement, increases the crystalline packing regions in the polymer, which are 
generally harder than that of random or entangled molecular chains.   The presence of 
short molecular chains between longer chains can however act as a solvent between the 
respective long chains and decrease the density of the entanglements, which result in 
lower tensile and hardness properties23. 
 
The lengths of molecular chains influence the crystallinity of a given polymer, as shorter 
chains are able to order themselves easier with regard to each other.  Hence, shorter 
chains influence the crystallinity of a polymer and also its hardness properties 8. 
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1.3.  Degradation of Polypropylene 
Mechanisms for the degradation of Polypropylene are usually complicated and depend 
mostly on the processing environment and the level of exposure the polymer 
experienced during its application.  In general, free radicals are formed when the polymer 
chains are exposed to mechanical stress, thermal energy and catalytic residues.  These 
free radicals (R?) form via hydrogen removal from the labile tertiary carbon. 6,10 
 
Oxygen molecules, that are trapped between the PP pellets during the feeding process 
of the extruder, can act as the trigger for the autooxidation cycle.  Macromolecules react 
with the oxygen to form peroxy radicals (ROO?), which interacts with the polymer chains 
to generate hydroperoxides (ROOH) and more free radicals (R?).  Decomposition of 
hydroperoxides (ROOH) can occur easily to form hydroxyl (?OH) and propoxyl radicals 
(RO?).  These in turn can further react with or break molecular chains. 
 
Further removal of hydrogen from the polymer can then occur by the reaction of one of 
these hydroxyl radicals (?OH) to form yet another free radical (R?). This result in the 
propoxyl (RO?) groups to decompose via chain scission to generate shorter chains.  
Termination of these radical reactions occurs via a deactivation process and can take 
place at any time of the cycle in the presence of stabilizers.  These act as ”radical 
scavengers” and consist mainly of sterically hindered phenols molecules, hydrolytically 
stable phosphates or sterically hindered amine stabilizers. 
 
In the absence of oxygen, free radicals cause molecular chains to undergo chain 
scissions to form smaller macromolecules or produce smaller molecules containing 
unsaturated bonds.  (R? + R? =  R-R or R=R)   
 
The degradation process is shown schematically in Figure 1.1. 
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Figure 1.1:  Schematic representation of the autooxidation cycle of polymers 6,10 
 
This form of degradation can be advantageous or detrimental to the properties of 
polypropylene.  The degradation process of long chained molecules can by used to 
produce specific grades of polypropylene, by purposely adding small amounts of 
peroxide.  This is a controlled form of degradation and is faster and cheaper than 
mechanical stress shearing or heat degradation 6. 
 
The disadvantages of degradation lies with the fact that already tailored graded 
polypropylene would degrade also via the same mechanism, during the recycling 
process.  This cannot be controlled during the recycling process, since heat and 
mechanical stresses that causes these radicals to form, would continue to degrade the 
polymer to a level that it becomes no longer suitable for manufacturing purposes 6,10.   
 
A wide range of additives or radical scavengers has been developed to reduce the effect 
of the free radicals.  An alternative route to avoid the addition additives is to use a ratio of 
virgin pellets and recycled pellets in controlled amounts.  This allows for the 
manufacturers to increase the amount of longer molecular chains of the final material to 
a point where it fits the properties specified for a given material. This is actually the 
Polymer 
RO× + ×OH 
Polymer 
 
Polymer 
ROO× 
Oxygen 
Melt Processing Energy 
(UV Light, Heat) Catalyst 
Residues 
Energy (UV Light,Heat) 
CatalysResidues 
R× ?  R× + ROOH 
I II 
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preferred method amongst injection molding companies, as many additives tend to 
discolor products, when exposed to extended periods of heat and sunlight 6. 
 
1.4. Processing parameters 
Polypropylene is available in a wide range of different grades.  These different grades 
are usually defined by a melt flow index value (MFI). This value is determined by 
measuring the flow properties of the polymer at a specified melt temperature and 
reported in grams per ten minutes 6.   
 
These flow properties are affected by the presence of long and short molecular chains in 
a polymer.  Short molecular chains, aids the injection molding process by acting as a 
lubricant when the polymer is injected into a mold, whilst long molecular chains are 
important because of the strength it gives to the final product 9.   
 
The amounts of long and short chains can effectively be analyzed by rheology and are 
reported in the form of a molecular weight distribution curve.  This type of analysis is 
usually very time consuming and often too expensive to perform on a routine basis.  Melt 
flow indexing is used to determine a value, which is a representation of the average 
molecular weight distribution of a particular polymer.  In contrast to rheology this is the 
preferred method in industry as it can be done on a routine basis without major cost 
implications. 
 
In general, material with a high MFI value relates to a polymer with short-chained 
molecules and a polymer with long chained molecules would tend to give a low MFI 
value.  These values usually range between 1 – 200 g/10min for polypropylene as shown 
in table 1.1 6. 
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Table 1.1:  Table one contains some common polypropylene processing techniques, 
MFI values, and end-user applications 6.  
 
Polypropylene 
processing 
Melt flow index 
(g/10min) 
End-use application 
Injection molding 10 – 20 Appliances, outdoor furniture 
Thin wall injection 
molding 
35 – 70 Food containers 
Monofilaments 1 – 5 Produce bags, cordage, twine  
Staple fibers 10 – 30 Carpet backing 
Continuous filaments 15 – 35 Upholstery fabric, carpet face 
Spun-bonded fabrics 30 – 40 Apparel, diapers 
Melt-blown fibers >200 Apparel, diapers 
Thermoforming sheet 1 Food containers 
Slit tape 2 – 4 Woven fabric, geotextiles 
Cast/blown film 6 – 12 Adhesive tape 
Compression molding 2 Beverage caps 
Blow molding 10 – 35 Bottles 
 
From the above table it can be seen that every application requires a different MFI range 
and grade of polypropylene with different characteristics, which means that every 
polymer is treated differently as to how it should be processed.  A polypropylene with a 
high MFI value flows better than a polypropylene with a low MFI value and can therefore 
be processed at lower temperatures, lower pressures and also spend less time in the 
mold to set before being ejected.  
 
Polypropylenes with a very low MFI value, such as Thermoforming sheets (Table 1.1) 
are much more difficult to process as they have long molecular chains.  Longer 
molecular chains need much higher process temperatures to make the chains flow and 
need to be injection molded at extreme pressures to make them fill the molds properly.  
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Parts that are made out of polypropylene with a low MFI also have to spend more time in 
the mold before being released.  Premature ejection, of a part that is still in a partly 
molten state, causes the object shrink or crack when it comes into contact with cool air. 
  
Process parameters have been set up for various applications of polypropylene and it is 
difficult to maintain the same set parameters, when it comes to recycled polypropylene.  
Additives or impurities from previous batches can influence the process parameters and 
can improve or negatively affect the flow properties of polyproplylene10.  It is therefore 
important to research the effect of impurities, on the flow characteristics, which are 
contained in recycled polypropylene for each application.  These results enable 
manufacturers to predict the properties of the polypropylene in question and allow for the 
necessary actions to be taken to make it conform to the specification it was intended for. 
 
1.5.  The lead acid battery 
The lead acid battery is one of the most commonly used battery types for portable 
electric power supplies.  Their ability to store and readily deliver large amounts of energy 
under extreme conditions, has given them a distinct advantage over other battery types 
in certain applications. 
 
One of the main uses of the Pb-acid battery is in the starting, lighting and ignition (SLI) 
application in automotive vehicles.  The battery is expected to work under extreme 
conditions of temperature (-32°C to 60°C), withstand physical vibration and deliver high 
power electricity from starting an engine (200-500A), to low power drains of a few amps 
over extended periods of time.   
 
Due to the nature of the chemicals used in the battery (corrosive sulphuric acid and toxic 
lead), the battery case is expected to be sealed and contain all the components within 
the enclosed housing 11.  A cross section of a typical lead acid battery is shown in figure 
1.2. 
 
This is where PP has proven to be the most suitable material.  Before the 
commercialization of PP as battery case material, the outer casing of the lead-acid 
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battery was made from synthetic rubber.  The rubber was mixed with crushed charcoal 
and pressed into the preferred shape 11.  Since the late 1970’s PP was used as the 
housing for all shapes and sizes of lead acid batteries. 
 
Negative 
electrode (Pb)
Positive 
electrode 
(PbO2)
Lead post
Polypropylene 
ventcaps
Polypropylene 
Battery lid
Polypropylene 
casing
Polyethylene seperators 
and sulphuric acid
Cell strap
 
Figure 1.2:  A representation of an automotive lead acid battery. 
 
1.5.1.  Polypropylene battery casings 
 
Polypropylene is the most commonly used material for making battery cases in terms of 
its ease of use, relative cheap nature and its inertness towards strong acids, such as 
sulphuric acid.  Polypropylene does not degrade under normal conditions in the presence 
of the  strong acid and can be easily recycled and reused in the manufacturing of new Pb-
acid battery casings. 
  
In general, the PP battery case can withstand a number of conditions that a battery might 
be exposed to.  For example: a wide temperature range (between -32°C and 80°C), 
chemically resistant to fuel, oil, antifreeze liquids, shock, strength, elasticity and low mold 
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shrinkage allowing for other components (lead parts or terminals) to be molded within the 
case cover. 
 
In order to fulfill the specification required for the case, a quality control test should be 
performed on various parts to check the quality and grade of the recycled polypropylene.  
Melt flow indexing is generally the preferred method as it is quick and easy to perform.  
The MFI value for lead-acid battery casings made from virgin material are generally 
between 8 - 9 g/10min and battery casings made from recycled material around 
12g/10min.  See Appendix A for complete copy of the required specifications for 
polypropylene used in battery case manufacturing. 
 
1.5.2. The recycling process of lead-acid battery casings 
 
The recycling process of the lead-acid battery starts at the point where the old battery is 
returned to the distributor.  A levy on the old spent battery encourages that all batteries 
sold to the end -users are returned to the manufacturer for recycling. The credit obtained 
for the old battery is deducted from the new battery’s cost and ranges in the order of 10% 
of the battery’s original cost.  This ensures that almost 99% of lead acid batteries used in 
South Africa are recycled. 
 
The recycling process of batteries are not just important because of the cost saving 
implications, but also reduces the effect of toxic lead waste, corrosive sulphuric acid and 
plastics to end up on land fills.  This promotes a more environmental friendly approach 
from the manufacturing of lead acid batteries.   
 
The used or old batteries are collected from the distributors by the manufacturers and 
sent to a central point from where they are taken to the recycling plant.  When the 
batteries arrive at a recycling plant, the physical recycling process starts by draining the 
corrosive sulphuric acid from the batteries.  The resulting acid is collected and 
neutralized. 
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Batteries are crushed using toothed stainless stee l rollers.  Lead, polypropylene casings 
and polyethylene separators are chopped up and separated by floatation, because of the 
differences in the components’ densities.  The heavy lead fraction is removed and 
smelted into lead bars whereafter it is refined and redistributed to Pb-acid battery 
manufacturers.    
 
Polyethylene separators are very porous in order to allow for sulphuric acid to act as an 
electrolyte.  This porous property allows for a lot of lead “dust” to settle within them 
during the battery’s application.  For just this reason the polyethylene contains a large 
amount of lead and are very time consuming to clean.  This is one of the many problems 
that the recycling process faces.  The polyethylene from lead acid batteries cannot be 
reused and are rather discarded as waste.  However, the polyethylene waste forms only 
a very small part of the overall battery. 
 
When the crushed polypropylene is separated from the other components of the lead 
acid battery, the chips are extensively washed, in order to eliminate any traces of lead-
oxide dust and acid, which might have collected on its surface.  The washed chips are 
then fed into an extruder, whereby it is melted at 245°C and pushed through a die 
(temperature 190°C) after which it solidifies.  The extruded plastic is then palletized.  A 
high melting temperature is used to allow complete mixing of all chips during its time 
spent in the extruder and also to speed up the recycling process*  
 
The recycling process of the lead acid battery does not only allow for a more 
environmental friendly image of the battery manufacturer but also the processing of the 
lead acid batteries at a central facility.  This allows for easier sourcing of some of the 
materials for battery manufacturing and saves a lot of time and money. 
 
The following flow diagram summarizes the recycling process of the lead acid batteries. 
                                               
*  Obtained from Fry’s metals. A lead metal and polypropylene recycling company situated in 
Johannesburg, South Africa. 
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Figure 1.3:  A flow diagram can be used to represent the recycling process of the lead 
acid battery.   
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1.5.3.  Virgin PP versus Recycled PP 
 
Polypropylene that has been recycled will not have the same characteristics of that of the 
initial virgin polypropylene, but is up to 7% (R2/kg) cheaper than virgin polypropylene.  
When recycled material, or a combination of recycled and virgin material is used, a 
number of factors have to be considered. 
 
1.5.3.1.  Temperature and multiple recycle processing 
 
Polypropylene, although a very robust polymer, is very susceptible to degradation at the 
temperature at which it is being processed.  A too high processing temperature with the 
presence of oxygen could speed up the degradation of the polymer chains and also 
carbonize the polymer rendering a polymer with undesired properties 12,13. This leads to 
the formation of free radicals, which in turn amounts to scission of the macro molecular 
polymer chains. However, processing recycled polypropylene at too low temperatures 
can cause for poor mixing of polypropylene chips and result in unevenly dispersed 
properties throughout the polymer and a slower recycling process. 
 
The formations of free radicals for chain scissions do not only occur during the high 
temperatures of processing, but also through the mechanical stresses experienced13.  
Hence, the number of times the polypropylene is recycled and subjected to these 
stresses influences the resulting lengths of the chains and the properties of the material.  
 
1.5.3.2.  Polyethylene “contamination” and other plastics 
 
During the recycling process described in figure 1.3, it can be seen that the polyethylene 
and polypropylene are separated by floatation.  This process is not always efficient and a 
small percentage of polyethylene ends up in between the polypropylene chips.   
 
A small amount (5%) polyethylene as a co-polymer in polypropylene is beneficial by 
increasing the material’s impact properties.  The long chains of polyethylene act as a 
woven network in between the polypropylene chains and reinforce PP’s structure 
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therefore making it more elastic and shock resistant10.  The polyethylene can also 
improve the materials injection molding flow properties. 
   
However the two polymers are generally incompatible with each other and a too high 
content can prove to be detrimental.  Good quality control should be kept in order to keep 
the polyethylene content within specified limits. 
 
Polystyrene is commonly used as packaging or labeling material during the transport of 
batteries to the respective recycling plants.  Due to its lightweight, it easily contaminates 
the recycling process, where the polypropylene chips are fed into the extruder.  
Polyvinyl-chloride (PVC) is used in the labeling of batteries in the form of stickers. It is 
difficult to remove by washing and small amounts of PVC are usually present whilst 
recycling the PP.  The styrene and chloride contaminants from these materials are 
detrimental by accelerating the polypropylene polymer deterioration by forming free 
radicals. The presence of these contaminants can be analyzed by DSC at temperatures 
above 200°C (PVC = 212°C and Polystyrene = 270°C).  PVC can also be identified by 
FTIR as it results in a very strong absorbance band (at 650 to 670cm-1) for the carbon 
chloride bond. There is an initiative, for battery companies to move away from using 
styrene and PVC as packaging and labeling materials. 
 
1.5.3.3. Transition metal residues 
 
Transition metal residues from previously added dyes and external metallic components 
in used plastics are difficult to remove by only washing with water during the recycling 
process.  These contaminants often end up within the processed material.  For a specific 
recycling process, such as the recycling of transparent polypropylene, catalytic residues 
or trace elemental contamination can be detrimental as they can react with stabilizers 
contained in the polypropylene over time and influence its transparency.    
 
The recycling process of battery cases does not regulate what colors of battery boxes 
are to be recycled.  The combination of various colored PP battery cases can result in a 
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light grey material, where carbon black is added during the final mixing step in order to 
obtain a uniform colored material 6.  
 
1.5.3.4.  Stabilizers 
 
Polypropylene is very sensitive to oxidation and is generally not considered useful 
without adequate stabilization that interacts with radicals or potential radicals 
encountered within the material.  Antioxidants interrupt the degradation process in 
indifferent ways according to their structure and can be classified as follows 6.   
 
· Primary or chain-breaking antioxidants, which react with radical species 
(ROO×, RO× and HO×) generated in Cycle II and I of the autooxidation cycle (figure 
1.1).  Examples of these primary antioxidants are hindered phenols such as 
Irganox 31146. 
· Secondary or preventative antioxidants, which react with hydroperoxides 
(ROOH) in cycle II  (figure 1.1).  Examples of these secondary antioxidants are 
hydrolytically stable phosphites such as Irgafos 1686.  Secondary antioxidants are 
effective when used in combination with primary antioxidants. 
· Multifunctional antioxidants , combine the properties of primary and secondary 
antioxidants in one molecule.  Examples of multifunctional antioxidants are 
sterically hindered amine stabilizers such Chimassorb 1197. 
 
 
1.5.3.5.  Stickiness of molten polypropylene 
 
Stickiness can be defined as its ability to adhere to a specific surface in the case of 
polypropylene and is generally due to the presence of polar groups in the material that 
can adhere to a material with similar polar groups.  The effects of stickiness are not only 
refined to glues and adhesives, but can also be encountered in other polymer material.  
As the recycled polypropylene is processed the amount of oxidized material increases 
thereby increasing the number of carbonyl groups (C=O).  This in turn will allow the 
material to adhere easier to material such as steel.  This property can be detrimental to 
the sealing ability of the case and lid of the lead acid battery.    
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The sealing process of lid and battery case is achieved by pressing the edge of the lid 
and case onto a heated plattern set at about 370°C for a few seconds.  The plattern is 
then removed and the two components pressed onto each other allowing them to cool 
and seal.  A problem, which commonly occurs in the lead-acid battery manufacturing 
process, is the inability of the battery case and lid to seal completely together.  It is 
generally suggested that the occasional bad sealing ability is due to immiscibility of 
incompatible polypropylenes between the lid and case. A common combination in the 
battery industry is to use a black recycled battery case sealed to a colored virgin 
polypropylene lid.   
 
An alternative viewpoint to bad sealing ability is the “stickiness factor”.  When the battery 
and lid are pressed against a heated plattern, the recycled material sticks to the plattern, 
because of polar groups present in the material. Virgin material generally does not 
contain many polar groups and a minimal amount of material remains on the heated 
plattern and is usually burned off during the process.  The material that is stuck to the 
platter carbonizes and when the platter awaits the next battery case and lid to be sealed, 
the carbonized dust is pressed onto the next battery box.  This results in weaknesses 
that form between the lid and case and cause leaking.  The various contributing factors 
will be investigated in this study. 
 
1.5.3.6.  Analysis of Recycled materials 
 
Rheological measurements  of recycled materials can be effectively used to determine 
the amount of processing and chain scissions a polymer has experienced during the 
recycling process.  From rheology the actual molecular weight averages of the chains 
can be calculated and used as a guideline to processing parameters for polymers.  This 
is not always the preferred method as rheometers are expensive and time consuming.  
The results are often difficult to explain and have to be done by experienced analysts.  
Melt flow indexing is easier and quicker and can be related to the values obtained from 
rheological measurements.  However, since MFI is only one single value, there are 
possibilities for errors.  
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This study will consider the use of recycled polypropylene in lead acid battery casings 
where various techniques of polypropylene analysis that are available, will be used to 
correlate their parameters to a simple routine technique such as MFI.  This study will look 
at the feasibility of using the technique for quality control purposes in industrial 
environments.  This was done by analyzing automotive battery casings on a weekly 
basis by MFI and FTIR to establish the feasibility of a quality control method for the use 
of recycled PP. 
  
1.5.4. Monitoring of manufactured batteries 
 
1.5.4.1. Temperature 
 
The lead acid battery’s severe ruggedness makes it one of the best secondary power 
supplies to operate under extreme conditions of temperature.  However, operation at too 
high temperatures decreases the life expectancy of a battery.  Many factors contribute to 
battery failure such as overcharging, undercharging, addition of impurities, poor 
manufacturing and excessive operating temperatures.  The battery manufacturer 
supplies operating specifications to the consumer, especially with regards to temperature 
limits.  These upper temperature limits are often not adhered to which results in 
premature battery failure within the battery claim warranty time period.   
 
When the battery reaches the application it is intended for, the battery manufacture’s 
control over the battery becomes limited and monitoring of the battery almost impossible.  
It was of interest to develop a method to monitor the temperature of the battery during its 
application.  Temperature sensitive dyes are commercially available and can be added to 
polymers, but could not be implemented in this study, as polypropylene has to be heated 
during the injection molding step of battery casings and will result in the dye being spent 
before application of the battery. 
 
In this study a design of an artifact is proposed that can be inserted into the battery.  The 
artifact is constructed in such a way as to track the battery’s upper temperature limits 
during its application. 
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1.5.4.2.  Tracking of batteries during the manufacturing process 
 
Polypropylene has a non-polar waxy surface, which makes it difficult for adhesives from 
labels to remain on its surface.  This problem often leads to labels falling off the battery 
during application.  Tracing the battery back to a recorded production process becomes 
difficult and often leads to illicit battery returns and quality control problems. 
 
A common practice is to burn production dates and numbers into the battery case as a 
means to keep track of them.  However, these burn marks are often difficult to read and 
are not always consistent as a means of tracking.  A modern way of labeling commercial 
products as by bar coding. 
 
This study proposes an alternative method of labeling for polypropylene battery casings 
by the addition of a laser-activated dye to polypropylene during manufacturing. A laser 
can then subsequently print a high-resolution bar code on the surface. The bar code can 
be easily scanned by commercially available systems, thereby keeping a clear record of 
the batteries manufacturing and sales history. 
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Chapter 2  
2.  Experimental 
A variety of grades of virgin and recycled polypropylene pellets were sourced from 
different suppliers such as Fry’s metals, Henrial and Dow chemicals (virgin PP).  This 
was done in order to simulate a range or combinations of polypropylenes produced by 
the recycling company and accommodate processing steps to be followed for the 
manufacturing of the battery casings.  The grades of polypropylene pellets can be 
classified as follows: 
 
· Recycled polypropylene that contains relatively short chained molecules and will 
be described as Fry’s recycled.  
· Recycled polypropylene that contains relatively medium chained molecules and 
will be described as Henrial recycled. 
· Recycled polypropylene that contains relatively medium chained molecules with a 
stabilizing additive and will be described as Recyclostab-451*.   
· Virgin polypropylene, which are highly isotactic and corresponds to a melt flow 
index of 8.5g/10min. 
 
*The recycled material contained approximately 1.0% of recyclostab-451 commercial 
stabilizer, which was supplied by Ciba chemicals and was prepared by Fry’s metals 
plastic recycling plant using a die-faced extruder.  The composition of the stabilizer 
consists of antioxidants and co-additives. 
 
A wide range of analytical techniques are available to study the physical, chemical and 
flow characteristics of polymers. This study will focus on using only a few available 
techniques and relate their specific measured result to each other. These comprise of, 
physical techniques such as tensile testing, Impact testing, Shore D hardness testing, 
DSC, MFI, Rheology and a spectroscopic technique such as FTIR.  A brief description to 
the various techniques used will be done. 
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2.1.  Physical properties 
2.1.1. Tensile Strength 
 
Tensile testing is the measurement of the strength of the material and its ability to 
withstand forces that tend to pull it apart and also to what extent the material would be 
stretched before breaking.  This test is used to look at the malleability of the polymer and 
can be related to molecular weight or the chain length of a given polymer. 
 
2.1.1.1.  Experimental conditions 
 
Samples are placed in between two jaws; whereby it is clamped and pulled apart at a 
known speed whilst measuring the force needed to do so.  The test is valid when no 
slippage occurs between the test specimen and the clamps of the tensile tester.  A 
successful analysis also means that the specimen has to snap (break) 18. 
 
6mm 20mm
3mm
50mm
 
 
Figure 2.1:  The side and front view of the dog-bones that were used for the tensile 
strength analysis of the ratio samples.   
 
A different size dog-bone was used for the testing of recycled virgin and recyclostab-451 
samples and will be described under the recycling of virgin and recyclostab-451. 
 
The injection-molded test pieces were analyzed on a Hounsfield tensile tester using a 5 
kN load cell and crosshead speed of 50mm/min (at 25°C) according to ASTM D638-0327.  
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A maximum of ten sample pieces were tested per cycle, the average value calculated 
per sample and the values reported in MPa’s and percentage elongation.   
 
2.1.1.2.  Problems that cause Tensile strength variances 
   
Tensile variances can occur when the test pieces are not properly clamped between the 
jaws of the tensile tester.  This creates jaw slippage and a false reading for the tested 
sample.  Samples must be placed into the clamps of the test cell, perpendicular to the 
base of the tensile tester or parallel to the applied force.  When the sample is tested in a 
skew position twisting forces relating to the way the sample is stretched could contribute 
to the true force of a given sample.  
Poor molding of samples at to low or high temperatures leads to inconsistent samples 
through swelling, shrinking, or test pieces that contain air cavities. These samples can 
give inconsistent tensile testing values. 
 
2.1.2. Impact strength 
 
The ability of a material to withstand impact, or resist shock under applied stress at high 
speed.  Impact strength can be directly related to a polymers overall toughness and 
ability to absorb applied energy.  Hence, the higher impact strength the higher the 
toughness of the material 8,18. 
 
The impact strength of a polymer, however, decreases as the crystallinity of the polymer 
increases and also increases the probability of the material to exhibit brittleness.  Impact 
strength also generally decreases with decreasing molecular weight and vice versa.   
 
Standard impact tests for plastics divide themselves into: (a) those which use 
instruments where a pendulum of known energy strikes a specimen of defined size and 
shape; and (b) those where weights or other impactors are allowed to fall freely through 
known heights onto specimens and the impact strength is computed from the minimum 
combination of height and weight required to cause fracture.  Tests of type (a) are 
subdivided into cantilever (Izod) and supported beam (Charpy) variants.  The specimens 
24  
are molded into flat rectangular shapes where the flat plane face contains a molded or 
machined notch in order to assess sensitivity to weakening by notches 18.  
 
2.1.2.1.  Experimental conditions 
 
Each sample was first notched and tested for their impact strength using an Izod impact 
tester with the swing energy set at 7.5J according to ASTM (D 256 – 90b)26 at 25°C.  
Each test was performed five times and the average value calculated.  The average 
values are reported in kJ/m2.  
 
2.1.2.2.  Problems that cause Impact strength variances 
 
Variations in impact strength values mainly occur, because of sample thickness 
variances and inconsistent injection molding techniques.    A too high or low mold 
temperature, generally leads to swelling or shrinking of the test pieces within the mold.  
Care should be taken to ensure consistency of molded test pieces for comparison.  
Samples with indents obtained from handling can influence the point of break and should 
be avoided. 
 
Four samples were tested per specimen and the average impact strength calculated.  
Good breaks are generally observed for every test when using the Izod impact tester.    
 
Conversely, ball falling tests are difficult to perform, as weights have to be dropped from 
sufficient heights, which sometimes could be up to 2 meters high.  The specimens have 
to crack or tear to yield a successful test.  This could often be very time and sample 
consuming, as a new sample has to be taken every time a test is performed, even 
though no crack or tear was observed.   
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2.1.3. Shore D hardness testing 
 
The hardness of a polymer is the measure of resistance to plastic deformations in 
applying surface force.  A high hardness number generally relates to polymers with a 
high crystallinity and vice versa.  The technique provides information, which can be used 
in combination with impact and tensile testing. 
 
Shore D hardness testing provides an easy and effective way of determining a polymers’ 
hardness.  The handheld tester contains a sharp needle, which can apply a load to a 
given surface and simultaneously measure the resistance the material exerts to 
penetration of the surface by the needle.   
 
2.1.3.1.  Experimental conditions 
 
The test is carried out by pressing a standard Shore D hardness tester (Zwick) on a flat 
surface of the specimen, using a 12.5N load.  The measurement is read after 3 seconds.  
Each test was carried out at ambient temperature and five effective readings were taken 
from each of the respective plastic samples and the average Shore D hardness value 
reported. 
 
2.1.3.2.  Problems that cause Shore D variances 
 
The shore D hardness test has to be performed on flat sample surfaces to ensure that 
the correct perpendicular force is applied to a sample surface.   Gas bubbles contained 
within polypropylene from too high injection molding temperatures can have detrimental 
effects on shore D values.  The bubbles create weak spots on the surface of the test 
specimen and generally lead to lower shore D values.   Inconsistent melting or mixing 
can also lead to Shore D variances as inconsistent surfaces are created.  The test can 
only be performed on flat surfaces and the testing of pelletized samples is not possible. 
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2.2.  Chemical properties 
2.2.1. Differential Scanning calorimetry 
 
Differential scanning calorimetry (DSC) together with Thermogravimetry (TG) are the 
most common thermoanalytical method for the analysis for polymers. DSC measures the 
heat flow (energy) released or absorbed by a sample, as it is heated, cooled or kept at 
constant temperature under controlled conditions.  The sample chamber hosts a position 
for a sample pan and an inert reference pan.  The differences (?q) in the heat flow 
between the sample and reference pan is measured during an experiment. 
 
Energy changes due to crystallization, melting, freezing or other phase changes can be 
detected by the technique and relate the change in heat as a function of temperature. 
 
Thermodynamic data can be use to calculate physical and chemical properties such as, 
glass transition, melting point, crystallization of semi-crystalline polymers and onset 
oxidation 8. 
  
Manufacturing problems such as the use of incompatible polypropylenes for the case 
and lids of Pb-battery cases, which cause sealing problems, can be identified through 
this technique 10. 
 
2.2.1.1. Experimental conditions 
 
Analysis of similar weighed samples was performed on a Mettler Toledo DSC 820.  
Heating was done dynamically at 15°C /min from 50°C to 250°C and cooling dynamically 
from 250°C to 50°C.  Standard 40µl aluminum pans were used.  All samples were first 
heated to just above their melting point to release stored mechanical stresses contained 
by the samples.  The resulting peaks from the exo and endotherms were analyzed by 
using a peak separation program called PeakFit24 by using the 1st derivative of the 
isotherms and results reported in joules per gram.   
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2.2.1.2. Problems that cause DSC variances 
 
 
Analytical techniques such as DSC require minimum amounts of sample (±5 mg).  For 
trace analysis this factor can be of great advantage to the analyst, but detrimental to the 
testing of big batches of polymer sample.  The sample taken must be representative of 
the whole batch as to minimize the variances created by inconsistent injection molding or 
mixing of polymer batches during the extrusion step of processed material. 
 
Mechanical stresses are energies that have been stored in the injection molded or 
recycled polymeric materials and occur generally if the polymer was allowed to set under 
an applied force.  Hence, the first DSC of a selected sample is generally a combination 
of melting energies and mechanically stored stress energies and can influence the true 
melting temperature of a polymer sample.  To exclude the contribution of mechanical 
energies the polymer samples can be heated to slightly above the polymer’s melting 
temperature and allowed to cool to its original state.  This releases any mechanical 
stresses and allows the polymer sample to set naturally 17. 
 
Polymers and polymer grades correspond to characteristic temperature ranges and can 
be easily identified by DSC. The area under a peak of an exo or endotherm can be used 
to quantify energies for specific polymers and be used to quantify polymers present 
within a particular sample.  Identification of polymer melting points and quantification of 
components contained in block polymers can easily be analyzed. 
 
2.2.2. FTIR spectroscopy 
 
One of the best-known spectroscopic techniques for the analysis of thermoplastic 
polymers is Fourier Transform infrared analysis that measures the vibrational energy 
levels of molecules.  The characteristic band parameters measured in IR spectroscopy 
are frequency (energy), intensity (polar character) and band shape (environment of 
bonds). The FTIR instrument consists of an infrared source, filters, sample cell and a 
detector.  Fourier Transform Spectroscopy offers the advantages of unusually high 
sensitivity, resolution, and speed of data acquisition. 
28  
   
For this study of recycled polypropylene the important peaks that were considered were 
the oxidation of the polymer backbone (C=O, around 1800 to 1600cm-1) and the peaks 
relating to crystallinity at 998cm-1 or 841cm-1 19,20. 
   
In the infrared spectra of semi-crystalline polymers, some absorption bands are also very 
sensitive to the physical state of the sample relating to crystallinity.  These sensitive 
bands can be classified into two categories: 
 
· Intermolecular forces in the crystal lattice where the polymer molecules pack 
together on a regular three-dimensional arrangement.  Also termed Crystallinity 
band. 
· Intramolecular vibration coupling within a single chain.  Also termed 
regularity/helix band. 
 
Crystallinity plays a vital role in the mechanical and melting behavior of polypropylene.  
For isotactic PP most of the regularity bands due to crystallinity appear in the region 
below 1400 cm-1.  
 
The minimum n (monomer units) values for appearance of bands at 973, 998, 841 and 
1220 cm-1 are 5, 10, 12, and 14 monomer units in helical sequences, respectively.  The 
higher the value of n for a given helix, the larger the degree of order of the correspondent 
regularity bands.  FTIR provide some important information about the conformational 
change of isotactic PP’s crystallization.   Figure 2.2 is a typical example of FTIR spectra 
of PP.  
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Figure 2.2:  Typical FTIR spectra showing the crystallinity bands at 841 and 998cm-1 
and the oxidation peak between 1600 and 1800cm-1, observed for polypropylene that 
has been exposed to extreme oxidation and heat. 
 
2.2.2.1.  Experimental conditions 
 
Representative samples were taken from each respective polypropylene sample and 
pressed into thin films at elevated temperatures.  The press consisted of a heated stage, 
die holder, dies and hydraulic piston that applied a constant pressure. 
 
The samples were placed inside the press at 140°C and subjected to a pressure of 3 
tons.  The heating stage was then switched off allowing it to cool under pressure until 
ambient temperature.  This was important in order to prevent extensive shrinkage and 
tearing of the thin film that results from rapid cooling.  
 
The resulting thin films ranged between 50-90mm and were analyzed using a Brucker 
Tensor 37 FTIR.  An internal polystyrene standard was used before every analysis.  The 
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samples were scanned in transmission mode from 400 to 4000cm-1 and their spectra 
recorded. 
 
 
2.2.2.2.  Problems that cause FTIR spectra variances 
 
Transmission FTIR is not always the preferred technique in polymer analysis as a lot of 
polymers are opaque, or in the case of recycled material, contains carbon black or other 
additives that can interfere with the results.  Sample preparation is difficult and time 
consuming as the polymer samples have to be heated under pressure in order to obtain 
thin films and cooled gradually in order to avoid excessive shrinkage.    
 
An alternative technique to that of thin film pressing is the use of an attenuated 
reflectance cell.  This technique is a contact sampling technique that involves a crystal 
with a high refractive index and low IR absorption. The sample placed on the crystal and 
analyzed irrespective of sample thickness. This technique has minimal sample 
preparation but has a number of disadvantages. The sample has to be very smooth or 
flat in order to maximize the contact with the high refractive crystal.  Attenuated total 
reflectance spectroscopy works well on samples that are highly scattering and weakly 
absorbing samples and was not used in this study20.   
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2.3.  Flow properties 
2.3.1. MFI 
 
The MFI value obtained from a specific polymer can be related to the rate of extrusion of 
the melt through a specified orifice under specified conditions of temperature and 
pressure or load.   
 
2.3.1.1.  Experimental conditions 
 
An extrusion weight of 2.16kg was used and the barrel temperature set at 230°C in 
accordance to ASTM method 113328. The machine was fitted with an automatic cut-off 
mechanism, which makes regular cut-offs (every 0.5 min), while molten polymer flows 
through the orifice.  This makes individual cut-offs easier and reduces the risk of errors.  
Individual cut-offs are weighed to an accuracy of 0.0001 grams on an analytical balance 
and MFI values calculated according to equation 2.1.  A sample weight of about 4 grams 
was used for each analysis. 
 
MFI = 10 x  (weight of cut-off in grams) /  (Time in min)                                   (2.1) 
 
A Hanatek 4010 melt flow indexer was used that has a dead weight plastometer 
consisting of a thermostatically controlled heated steel cylinder with a die at the lower 
end and weighted piston operating within the cylinder from the top end. The 
thermodynamically heated barrel is controlled by three individual temperature controllers, 
to ensure an accuracy 0.1°C throughout.  The die is made out of Tungsten Carbide and 
is polished to standard internal diameter of 2.0955mm.  Different extrusion weights can 
be used with the melt flow indexer, depending on the standard method used. 
 
2.3.1.2.  Problems relating to melt flow variations. 
 
Barrel temperatures operating at higher or lower temperature than the specified 
temperature could lead to a melt flow value higher or lower than that of the true value of 
a material. A temperature test was done to determine whether the Hanatek’s barrel 
temperature and temperature controllers were operating at the indicated temperatures. 
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The barrel was filled with thermally stable oil (VW/S40) and the temperature measured at 
various temperature settings with commercially available temperature sensor.  The test 
indicated that the barrel was operating at the correct set temperatures.    
 
A common problem that also occurs whe n using MFI equipment regularly is an increase 
in the orifice size due to extended use and maintenance.  Calibration of a melt flow 
indexer should be done at least every six months and the die cleaned regularly with 
boiling Xylene to remove any old polymer residues deposited in the orifice.  Polymers 
from a polymer supply company of known MFI values were used to determine the 
deviation of the instruments performance.    
 
As a random test to determine the accuracy of the Melt flow indexer, three common 
plastic samples were chosen and analyzed. A comparative study was done to determine 
the accuracy and standard deviation of the instrument by sending samples to two other 
well-known institutions, which uses melt flow indexing for analyses of polymers.  The 
institutions were: 
 
· Fry’s metals, which uses melt flow indexing as quality control on their recycling 
plastics. 
· Cape Technikon polymer department, an academic institution. 
 
The average melt flow indexing values that were obtained for the test sample by Fry’s 
metals and Cape Technikon were 9.48g/min and 9.63g/10min, respectively.  These 
values were lower than that obtained on the Hanatek 4010 melt indexer, which was 
11.32g/10min.  It was suspected that the Hanatek indexer was faulty, which lead to the 
next set of experiments in order to standardize the equipment.   
 
2.3.1.3. Calibration 
 
Three PP polymers of known grade were sourced from an industrial polymer company 
(Polyfin) to calibrate the Hanatek instrument.  Each individual standard were tested 
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according to ASTM method 1133.  The results of the calibration are as follows and the 
actual determined values are shown in Appendix B: 
 
The three polymers were: 
 
· Low range with an index value of 2.48 – 2.92g/10min:  
     Hanatek results 2.92g/10min ± 0.05    
· Medium range with an index value of 8.90 – 9.90g/10min:   
     Hanatek results 10.24g/10min ± 0.30 
· High range with an index value of 24.70 – 27.30g/10min 
Hanatek results 27.57g/10min ± 0.35 
 
The values obtained by the Hanatek melt flow indexer shows that the instrument was 
well within specification of the various standards tested and the initial difference of the 
results from the samples analyzed by the other institutions could be due to analytical 
deviations.   
 
2.3.2. Rheology 
 
Rheology is the science of controlled deformation and flow of materials under specific 
conditions.  The technique has only gained relative importance in the field of polymers 
since the early 1980’s.  The analyses are achieved by measuring the resistance a certain 
polymer has when it is subjected to mechanical stress in the molten state 9.   
 
The data that are obtained from this study are then related to mathematical models, 
through which valuable information of molecular weight, complex viscosity, viscous and 
elastic properties of the polymer can be calculated. 
 
Polypropylene has viscous flow as well as elastic properties and is therefore termed 
visco-elastic.  The term elastic relates to the material’s ability to regain its shape after 
deformation.  Hence, the energy that has been transferred during the deformation 
process will be stored and released with time.  If there is no energy loss during this 
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process the substance can be regarded as an ideal elastic such as a rubber ball.   When 
a substance is considered to be viscous, the energy that has been transferred to it will 
not be stored but rather transferred to its surroundings, thereby deforming the object 
permanently 
 
Both elastic and viscous behaviour are very important in the manufacture of 
polypropylene components, such as battery casings.  The elasticity of polypropylene 
gives it the property to bend under applied force such as impact or stress.  The viscous 
character of polypropylene would give strength and rigidness to the polymer and allow 
the polymer to flow properly during injection-molding.  If the elastic character (storage 
modulus) of the polypropylene is high, the injection-molded part may shrink or even 
crack when released after molding since it wants to regain its original shape.  A too 
viscous (loss modulus) character of the final molded part could lead to it being to hard or 
brittle and crack during high impact applications. 
 
Rheology measures both these properties at the same time and relates the valuable 
information to parameters of frequency sweeps.   
 
· Frequency sweep – can be defined as the amount of deformation kept constant 
whilst the frequency at which deformation is varied. 
 
 
The rheometer consists of two parallel plates (one fixed, the other oscillating).  The 
frequency of the oscillating plate changes by 5% during the test procedure.  Oscillation 
frequency can be related to the material viscosity (shear), which is directly proportional to 
the molecular weight of the polymer 9. 
 
The viscosity curve is linear at low frequencies and this information is used to calculate 
the molecular weight distribution of the material.  The rheometer also provides 
information on the polydispersity index of the polymer.  Polydispersity index is the value 
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of the weight average MW divided by the number average MW and is descriptive of the 
breadth of the molecular weight distribution 9. 
 
A low calculated PDI (polydispersity) index relates to a narrow molecular weight 
distribution.  The graphs are plotted as Storage modulus (G’), loss modulus (G”) and 
complex viscosity (?°) on the y-axis respectively and angular frequency (? ) on the x-axis. 
 
Polydispersity index (PDI) = 105/Gc                                                                  (2.2) 
 
Gc = the point taken from the frequency sweep graph at the intersection of G’ and G”.   
 
2.3.2.1. Experimental conditions 
 
To obtain rheological data, the polypropylene the samples were heated to just above the 
melting point of polypropylene (190°C).  The samples were analyzed in the melt on an 
Anton Paar Rheometer using a 25mm (dia) plate -plate geometry. 
 
Each sample was placed on the bottom-heated plate of the Rheometer and allowed to 
melt for five minutes with the top plate in rest position (gap 90mm).  The gap was 
reduced to 8mm and a further 5 minutes allowed for melting.  After ten minutes from 
initial sample introduction, the gap was further decreased to a measuring gap at 1mm.  
Excess sample was removed from the sides of the measuring plate and a heating mantel 
placed around the measuring cell to allow optimum temperature control.   
 
Frequency sweeps were performed on each sample. Storage modulus (G’), Loss 
modulus (G”) and complex viscosities were recorded from 100 to 0.1 rad.s-1.  Creep 
sweeps were performed at 100Pa, using the same sample preparation method as per 
frequency sweep.  This was done to confirm the data observed in each of the frequency 
sweeps.  Repeatability of each frequency sweep was tested by repeating each analysis 
after twelve data points had been collected for the first run.  The twelve data points were 
then compared to the next analysis.   
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2.4.  Recycled polypropylene with virgin  
Various samples were prepared, by mixing recycled and virgin material respectively.  
Ratios of 20%, 40%, 60% and 80% (by weight) were made by mixing virgin pellets with 
each of the different grades of recycled polypropylene pellets.  The samples by mass are 
shown in table 2.1: 
 
Table 2.1:  Polypropylene ratios by mass used for injection molding 
 
Polypropylene Ratio 1 Ratio 2 Ratio 3 Ratio 4 Ratio 5  Ratio 6 
Virgin/Fry’s  100/0 80/20 60/40 40/60 20/80 0/100 
Virgin/Henrial 100/0 80/20 60/40 40/60 20/80 0/100 
Virgin/Recyclostab-451 100/0 80/20 60/40 40/60 20/80 0/100 
Recyclostab-451/Fry’s 100/0 80/20 60/40 40/60 20/80 0/100 
 
2.4.1.   Injection molding and grinding 
 
The sample ratios described above were injection molded on an Arburg small volume 
injection molder into various test pieces (at Cape Technikon).  The barrel of the injection 
molder contained three thermally controlled Zones.  Zone 1 was set at 170°C, Zone 2 at 
180°C, Zone 3 at 200°C and a die temperature of 210°C.  The mould was kept at 
ambient temperature.  Each of the samples were left to condition for 48 hours before any 
testing commenced.   
 
The injection-molded pieces were then reground using a commercially available grinder 
into small plastic shavings.  These samples were not used to investigate the effects of 
degradation, but rather to investigate the influence, combined ratios of different grades of 
polypropylene has on the properties of lead-acid battery cases.    
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2.4.2.  Analysis done on samples 
 
Tensile Strength:  Standard “dogbones” were obtained by injection molding the ratio 
samples on an Arburg small volume injection molder.  The barrel temperature was 
divided into three zones of which the temperatures haled as follows.  Zone 1 at 170°C, 
Zone 2 at 180°C, Zone 3 at 200°C and a die temperature of 210°C.  The sample pieces 
had a cross section of 6mmx2mm and a gauge length of 50mm.  The samples were 
tested as described previously. 
 
Impact Strength:  Impact bars were obtained by injection molding the ratio samples of 
size 60mmx12mmx3mm on an Arburg small volume injection molder and tests done as 
described previously.    
 
MFI, FTIR, DSC, Shore D and Rheology were done on the samples as described 
previously. 
 
2.4.3. Sealing ability 
 
Samples of the mixed ratio polypropylene were melt-bonded to the commercially sourced 
polypropylene with a melting point of 150°C and MFI of 0.812g/10min.  This was done in 
order to investigate sealing ability of various combinations of virgin and recycled 
polypropylene.  Samples of diameter 100mmx20mmx3mm were melted at 370°C for 5 
seconds and then pressed together for 8 seconds, using a special heat-sealing 
mechanism.  The bonded samples were then tested for their bond strength using a 
Houndsfield Tensile tester.  The tests were carried out at 24-25°C using a crosshead 
speed of 50mm/min after the samples had been left at 25°C for 48 hours. 
 
2.4.4. Stickiness of molten polypropylene 
 
To measure the polar character of PP, the polypropylene samples were tested by 
measuring the contact angle of water with the respective samples.  The drop of water is 
placed on the sample and then projected onto a white board using an overhead 
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projector.  A photo was taken of the droplet and then analyzed by comparing the contact 
angle of the water with the surface  of the various test pieces. 
 
2.4.5. Routine Analysis 
 
Battery casings were collected from a local battery manufacturer on a routine basis.  The 
battery casings were cut to sufficient size and were then analyzed by MFI and FTIR.  The 
MFI and FTIR analysis was done as described previously. 
 
2.5.  Recycling of Virgin and Recyclostab-451 PP 
1.5kg of Dow virgin polypropylene was injection molded, reground and a 100g sample 
taken.  This would represent a simulation of one cycle of the recycling process of 
polypropylene.  The rest of the polypropylene obtained after the first cycle was then 
subjected to another 9 cycles.   
 
The same procedure was repeated using Recyclostab-451 polypropylene.  
 
 
2.5.1. Injection molding and grinding 
 
Simulation of the above recycle steps was done at an industrial plastic manufacturer 
using a Toshiba 350-tonner injection-molding machine.  The injection molder contained 
three thermally controlled Zones.  The first Zone was kept at 245°C, Zone 2 and 3 at 
210°C and the mold at ambient temperature. Samples were ground up after each 
injection molding cycle, using a small-scale plastic grinder.    
 
The ground samples were re-injection molded into test pieces respectively, using a 
Rayran laboratory scale injection molder. It should be noted that these high temperatures 
were chosen in order to simulate accelerated polypropylene degradation.    
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2.5.2.  Analysis done on samples. 
 
Tensile testing:  The virgin and recyclostab-451 PP samples were injection molded 
using a Rayran Laboratory-scale injection molder. The barrel temperature was set at 
245°C and the mold temperature of 55°C. Standard dog-bones were injection molded, 
with a diameter of cross section of 4mmx2mm and a gauge length of 50mm. The 
samples were tested as described previously. 
 
Impact Strength:  The virgin and recyclostab-451 samples were injection molded using 
a Rayran Laboratory-scale injection molder.  The barrel temperature was set at 245°C 
and the mold temperature at 55°C.  The diameters of the impact bars were 
58mmx12mmx6mm and each bar was notched using a standard notch of 45°.  The 
notched area was determined to be 8mmx6mm and was tested as described previously. 
 
MFI, FTIR, DSC, Shore D hardness testing and Rheology was done as described 
previously. 
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2.6. Pb-acid battery monitoring 
2.6.1.  Temperature monitor 
The temperature monitor consists of an outer shell made from polycarbonate, which 
encapsulates a micro temperature strip.  The micro temperature  strip contains four 
temperature points (dots), which change color permanently (white to black) at 
corresponding temperatures.  The strip is commercially available in a range of shapes 
and sizes. 
 
The outer shell or capsule holding the micro temperature strip consists of two parts.  A 
bottom part, which can be inserted into the vent cap of the battery and also serves as 
base where the micro strip can be placed in.  The second part of the temperature monitor 
seals the micro-strip and protects it from any acid exposure.  The two parts can be 
injection molded and are sealed together by means of solvent sealing. 
 
2.6.2.  Laser activated dye 
2.6.2.1.  Laser dyes 
Three commercially available laser activated dyes, which can be added to polypropylene, 
were sourced from Merck chemicals.  The dyes were: 
 
· Iriodin ® LS 800, for dark colored polypropylenes (Green, Red and Brown) 
· Iriodin ® LS 830, for black polypropylene 
· Iriodin ® LS 835, for black polypropylene 
· Iriodin ® LS 810, for clear polypropylene 
 
2.6.2.2. Compounding 
Master batches were made by a local company (Cleariant) from each of the above laser-
activated dyes using polypropylene as base polymer.  The concentrations of dye in the 
masterbatches were adjusted as to allow for a 4% add rate of master batch to that of 
virgin or recycled Polypropylene during battery case/lid production. The final 
concentration of the laser-activated dye contained by the injection molded battery casing 
was 1%.   
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2.6.2.3. Injection molding 
 
Corresponding master batches were added to virgin and recycled polypropylene at a 4% 
add rate.  The polypropylene and master batch were mixed thoroughly before inserted 
into the hopper of the injection-molding machine.  Battery cases containing the laser 
activated dye, were injection molded at Sagercy on a Toshiba 350-tonner injection-
molding machine.  The barrel temperature was set to 245°C, the die temperature at 
210°C and the mold temperature kept at ambient temperature. Black and green battery 
casings were made, but no clear casings, as they were not in production during that 
particular time. 
 
2.6.2.4.  Laser writing    
 
Samples of battery casings that contained the laser-activated dye were sent to Advanced 
Making Systems and J-PAK for laser marking who are suppliers of specialized laser 
writing equipment. 
 
2.6.2.5.  Sulphuric acid testing 
 
After laser writing onto respective samples, they were tested for their stability in sulphuric 
acid. Each sample was placed in a 100ml beaker containing 50ml sulphuric acid with a 
specific gravity of 1.240.  The beakers were placed on a hot plate and kept at 50°C for 14 
days.   
 
The plastic samples were then removed and the written areas compared to that of the 
initial samples.  The acid was sent for trace-metal analysis in order to investigate 
possible diffusion of metals from the laser-activated dye into the acid.  Some of the 
Iriodin laser dyes contain Fe.    
  
2.6.2.6. Sunlight testing 
 
Each of the samples used for the acid testing were exposed to sunlight for a period of 14 
days, after which the samples were visually inspected for any fading of the written 
sections.   
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Chapter 3  
3.   Results and Discussion   
3.1.  Ratio samples 
3.1.1.  Physical properties 
3.1.1.1. Tensile strength 
 
The strength of polypropylene is generally related to the length and entanglement of the 
polymer chains. The expected tensile strength of virgin polypropylene would be greater 
than that of recycled material.  By varying the amount of recycled material with virgin 
polypropylene during manufacturing, the strength of the polymer should be generally 
affected.    The results  of the tensile strength of samples mixed with various amounts of 
recycled with virgin PP is shown in figure 3.1. 
 
Figure 3.1:  Tensile strength of varied amounts of Fry’s recycle, Henrial recycle, 
Recyclostab-451 with virgin polypropylene and combinations of the additive 
polypropylene (recyclostab-451) with Fry’s recycled polypropylene. 
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The results show that a slight decrease in tensile strength occurs when processed 
polypropylene is added to virgin material.  Fry’s recycled PP that contain shorter chained 
molecules generally yield lower tensile strength values when compared to medium 
chained Henrial PP when mixed with virgin polypropylene.   The initial drop in tensile 
strength is the result of short molecular chains acting as a lubricant or solvent between 
the longer molecular chains.  This leads to a decrease in the density of the material and 
less entanglements of the respective chains 23.    
 
 When considering the tensile strength of the samples made with virgin PP and 
recyclostab-451 the results followed a similar trend as the Fry’s recycled up to 40%. 
Thereafter an increase is seen in tensile strength as the amount of additive PP is 
increased up to 100%.  For additions of the recyclostab-451 additive polypropylene to 
Fry’s recycled PP relative consistent results were obtained for the samples studied. 
 
3.1.1.2. Percentage elongation at max yield 
 
The elongation at max yield of a polymer is the initial resistance of the material to an 
applied force, after which it gives in the applied force’s direction. The property can be 
related to the chain lengths and the degree of entanglement of the respective molecular 
chains (Figure 3.2). 
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Figure 3.2:  Percentage elongation at max yield of varied amounts Fry’s recycled, 
Henrial recycled and Recyclostab-451 with virgin polypropylene and Recyclostab-451 
with Fry’s recycled polypropylene. 
 
The results show that similar trends were observed as those for the respective tensile 
strengths of the various ratio samples.  An initial drop in elongation is seen for 20% after 
of processed polypropylene to virgin PP is added. Thereafter, a slight increase in 
elongation is seen as the amount of processed polypropylene is increased.   
 
The initial drop in elongation is due to the influence of short molecular chained 
molecules, which can be considered as a solvent between the longer chains and dilute 
the density of the entanglements of the longer chains in the polymer, hence resistance to 
the applied force 23.  The increase in percentage elongation at maximum yield as the 
amount of processed material is increased is generally caused by an increase in 
crystallinity of the ratio samples.   
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3.1.1.3.  Impact strength 
 
In general, the impact strength of a polymer decreases as the crystallinity of a polymer 
increases.  Hence, when the amount of short-chained molecules that result from recycled 
material is increased the impact strength of the polymer would decrease.  The change in 
impact strength of the samples that were prepared by mixing different grades of recycled 
with virgin PP is shown in figure 3.3.  
 
Figure 3.3:  Impact strength of Fry’s recycled, Henrial recycled and Recyclostab-451 
recycled polypropylene with virgin PP and Recyclostab-451 with Fry’s recycled 
polypropylene. 
 
A slight increase in impact strength was observed when small amounts of recycled 
material are added to virgin PP.  However, for samples that contain above 60% recycled 
material a decrease in impact strength was observed. This initial increase was only 
observed for Fry’s recycled that contained short chained molecules. 
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In general, when increasing the additions of unstabilized, Fry’s and Henrial recycled 
material to virgin polypropylene, a decrease in the impact strength of the material was 
observed.  Similarly, by increasing the amounts of recyclostab-451 to virgin PP a similar 
decrease in impact strength is observed, which can be related to the change in the 
crystallinity of the material.  Noticeably, the impact strength of ratios that contained Fry’s 
PP were higher than that of Henrial PP which in turn was higher than the ratios that 
contained Recyclostab-451 PP.  A possible explanation for the higher impact strength 
values could be the action of shorter PP molecules that acts as a lubricant between 
longer chained Virgin PP molecules.  Hence, decrease the density of PP and also 
decrease the crystallinity which in general increases the PP’s impact strength properties. 
 
No significant increase in impact strength values is seen for additions of Recyclostab-451 
to Fry’s recycled PP when compared to the ratio’s of Fry’s, Henrial and recyclostab-451 
with virgin PP, except for a general decrease in impact strength as the amount of short-
chained molecules (Fry’s) is increased to that of Recyclostab-451 PP.     
 
3.1.1.4.  Shore D hardness 
 
The hardness properties of a polymer can generally be associated with the crystallinity 
and degree of entanglements of molecular chains of a polymer.  Short-chained 
molecules increase the crystallinity of a polymer and should increase its resistance to a 
penetrating force as in the case of a Shore D tester.  The results of the Shore D analysis 
of the various recycled PP mixed with virgin PP is shown in figure 3.4. 
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Figure 3.4:  The shore D hardness for varied amounts of Fry’s, Henrial and Recyclostab-
451 recycled PP with virgin PP and Recyclostab-451 with Fry’s recycled PP. 
 
The results show that the shore D hardness of the material decrease as the amount of 
recycled material is increased to 20%.  However, an increase in hardness was observed 
as the recycled PP content increased.  Shore D hardness measures the penetrating 
force required at the surface of a sample, which can be related to the degree of 
entanglement of the respective chains within a polymer. Small additions of recycled 
material to virgin PP decrease the effect of entanglement 23.  The short chains are 
considered as a solvent and dilute the density of the entanglements and decrease the 
shore D hardness at low concentrations.  However, when the amount of short-chained 
molecules is increased, crystallinity starts to dominate and cause the hardness to 
increase. 
 
Higher hardness values were observed for ratios of recyclostab-451 with Fry’s recycled 
material than for ratios of Fry’s, Henrial and Recyclostab-451 recycled with virgin PP.  
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The entanglement of the molecular chains of recyclostab-451 is increased as a result of 
the additive contained by the material. In addition, the presence of shorter chained 
molecules from Fry’s recycled also affects the crystallinity and contributes to the final 
hardness of the polymer.  The hardness of the Fry’s recycled with virgin PP were the 
lowest and is the result of the short-chained molecules acting as a solvent between the  
long molecular chains thereby decreasing its hardness 23. 
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3.1.2.  Chemical properties 
3.1.2.1.  DSC 
 
Enthalpy change of a material refers to the increase or decrease in its heat content 
(energy) with change in temperature.  This usually relates to the change from one state 
to another under inert atmospheric conditions, such as melting or freezing.  The DSC 
heating curves for the different ratio samples tested are shown in figures 3.5 to 3.8 
respectively.   
 
 
Figure 3.5:  Melting isotherms for varied amounts of Fry’s recycled PP with virgin 
polypropylene. 
 
The melting isotherms for Fry’s recycled and virgin polypropylene ratios show no 
noticeable difference in their respective melting points or peak areas.  The distinctive 
difference between the various samples analyzed was the area above 180°C.  
Noticeably, the sample that contained 20% of recycled material, showed lower 
decomposition as the temperature was increased when compared to the other samples. 
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The characteristic melting point of low-density polyethylene (124°C) was observed for 
some the ratios of Fry’s recycled and virgin propylene. A very broad melting peak was 
observed for PP between 150°C and 170°C. 
 
 
Figure 3.6:  Melting isotherms for varied amounts of Henrial recycled PP with virgin 
polypropylene. 
 
Additions Henrial recycled to virgin polypropylene shows that there are variations in the 
melting points for the various ratios samples.  Ratios 20%, 60% and 80% of Henrial with 
virgin PP showed good stability up to 200°C.  Small quantities of low-density 
polyethylene (124°C) were observed within some of the ratio samples of Henrial and 
virgin polypropylene. 
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Figure 3.7:  Melting isotherms for varied amounts of Recyclostab-451 recycled PP and 
virgin polypropylene.   
 
A very broad melting peak was observed for the 20% and 40% addition of recyclostab-
451 polypropylene to virgin PP.  All ratios containing the additive PP, recyclostab-451 
showed significant stability up to 210°C.  Small quantities of low-density polyethylene 
content (124°C) were observed for the ratio samples. 
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Figure 3.8:  Melting isotherms for the ratios of Recyclostab-451 and Fry’s recycled 
polypropylene. 
 
A very broad melting peak was observed for the 20% addition of recyclostab-451 
polyp ropylene to Fry’s recycled PP.  All ratios containing the additive, recyclostab-451 
PP, showed significant stability up to 210°C.  No significant changes in melting 
temperatures of the polypropylene peak at 165°C were observed.  A polyethylene peak 
(124°C) was observed for the ratios of recyclostab -451 and Fry’s recycled.    
 
The broad peak observed between 150 and 170°C comprised of a number of peaks. The 
heating curves obtained for the various ratio samples were analyzed using a peak fit 
program 24 to deconvolute peaks of the broad melting peak and an example is shown in 
figure 3.9. 
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Figure 3.9:  Deconvolution of the DSC heating curve for a Fry’s recycled and virgin PP 
ratio sample using the Peak fit software24.  
 
The results show that there are three distinctive peaks for the heating curve of the 
material.  A peak is observed at 124°C, which is the characteristic melting point of 
polyethylene.  Furthermore, two peaks are observed at 150°C and 165°C, which 
corresponds to the melting temperature of polypropylene. 
 
The absolute values of the heat flow data obtained for the heating isotherms of each 
respective curve were determined after which the first derivative of each graph was 
calculated and a baseline fitted to it.  Each individual curve was deconvoluted using the 
peak fit program and the areas of the respective peaks determined.  The deconvoluted 
peak areas of the two main peaks at 150°C and 165°C were calculated and reported in 
Joule per gram of sample.  The results for the different ratio samples with recycled PP 
are shown in figure 3.10 and 3.11, respectively.  The polyethylene (124°C) content were 
only observed for some of the samples and therefore neglected.  
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Figure 3.10: Deconvoluted peak areas for the main melting peak at 165°C for the varied 
ratios of Fry’s, Henrial, Recyclostab-451 with virgin polypropylene and Recyclostab-451 
and Fry’s recycled PP. 
 
The determined areas for the peaks that were obtained during the heating curves for the 
various ratios samples showed that no clear trend was observed as the amount of 
recycled PP increased.  The energies of pure virgin PP, 100% Henrial and recyclostab-
451 PP were very similar.  The variation could be due to experimental error where only a 
small amount of sample is used to represent the bulk material property. 
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Figure 3.11:  Deconvoluted peak areas for the melting peak at 150°C for the various 
ratios of Fry’s, Henrial, Recyclostab-451 with virgin polypropylene and Recyclostab-451 
with Fry’s recycled PP. 
 
The integrated areas for the polypropylene melting peak at 150°C for the respective 
samples, showed no significant trends for the Fry’s, Henrial and Recyclostab-451/Fry’s 
PP with virgin PP samples.  The results of the energies of the PP at 165°C in figure 3.10 
are divided by the energies of the PP at 150°C and plotted in figure 3.12. 
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Figure 3.12:  The heat of melting of the two peaks, PP 165°C and PP150°C, of Fry’s, 
Henrial, Recyclostab-451 with virgin PP and Recyclostab-451 with Fry’s PP plotted 
against one another. 
 
The results show that the peak at 165°C is between 4 to 5 times greater than the peak at 
150°C.  No clear trends could be seen when small amounts (from 0% to 40%) of Fry’s 
with virgin PP and Recyclostab-451 with Fry’s recycled PP is mixed.  A slight decrease in 
the peaks ratio was observed when amount of Fry’s and Henrial recycled material 
increased.  This implies that they contain slightly more of the polymer material that melts 
at 150°C.  No significant changes in the peak ratios were observed for the recyclostab-
451 recycled material, which implies that it is very similar in composition to that of the 
virgin PP.  
 
0
1
2
3
4
5
6
7
0 20 40 60 80 100
Ratio (%)
P
P
16
5
o
C
/1
50
o
C
Fry's recycled
Henrial recycled
Recyclostab-451
Recyclostab/Fry's
57  
The melting points of the samples are influenced by the purity and molecular composition 
as the amount of recycled material is increased per ratio of the samples to that of virgin 
polypropylene and can be seen below in figure 3.13. 
 
Figure 3.13:  Various melting temperatures for polypropylene ratios when heated 
constantly from 50°C to 210°C.    
 
A significant decrease in melting temperature was observed as the amount of recycled 
material increased only to 20%.  Noticeably the decrease in temperature for the samples 
that contained Fry’s recycled (shorter chained molecules) decreased the most in 
comparison.  The samples that contained 60% and 80% recycled material had very 
similar melting point to that of the 100% recycled material. 
  
After heating the samples to 210°C, they were allowed to cool to ambient temperature at 
15°C/min whilst measuring the respective heat flow.  Figures 3.14 to 3.17, shows the 
cooling isotherms of the respective samples. 
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Figure 3.14:  Cooling isotherms for varied amounts of Fry’s recycled with virgin 
polypropylene. 
 
Figure 3.15:  Cooling isotherms for varied amounts of Henrial recycled with virgin 
polypropylene. 
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Figure 3.16:  Cooling isotherms for varied amounts of Recyclostab-451 with virgin 
polypropylene. 
 
Figure 3.17:  Cooling isotherms for varied amounts of Recyclostab-451 and Fry’s 
recycled polypropylene. 
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There were no significant differences between the various cooling isotherms for the 
ratios of Fry’s, Henrial, Recyclostab-451 with virgin PP and recyclostab-451 with Fry’s 
recycled.  All the polypropylene samples showed the characteristic freezing point at 
119°C with a slight shoulder, which was due to the presence of the different grade 
polypropylene, which was observed during heating of the respective samples.  
 
The isotherms, observed during the cooling of the respective samples, were analyzed 
using a peak fit software 24.  An example of such a deconvolution is seen in figure 3.18.  
 
Figure 3.18:  An example of a ratio sample cooling curve that has been deconvoluted 
using the Peak fit software 24. 
 
The first derivative of the original curve was determined and a baseline was fitted to it. 
The areas of the respective peaks were calculated using the peak fit software24 and the 
calculated peak areas for the PP peak at 118°C and 100°C were plotted against ratio 
percentage below. 
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Figure 3.19:  Shows the integrated areas of the cooling peak of PP at 118°C (heating, 
165°C) plotted against ratio percentage for the respective samples. 
 
The peak areas of the respective ratio samples showed a very broad decrease in peak 
energies for varied amounts Fry’s recycled with virgin PP and Recyclostab-451 with Fry’s 
recycled PP.  No clear trend was observed for varied amounts of Henrial recycled with 
virgin PP.  For increasing additions of Recyclostab-451 to virgin PP a broad increase in 
peak energies was observed.  
 
A shoulder peak of a different grade of PP was also observed during cooling of the 
respective samples and the integrated peak areas are shown in figure 3.20.  
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Figure 3.20:  Shows the integrated areas of the observed peak of PP at 100°C during 
cooling, when plotted against ratio percentage. 
 
Figure 3.21:  Shows the freezing temperature for the PP peak observed at 118°C upon 
cooling. 
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Figure 3.22: Shows the freezing temperature for the different type of PP peak observed 
at 100°C upon cooling. 
 
The observed freezing points of the two grades PP’s observed within the respective ratio 
samples, showed no clear trends in their freezing points when plotted against their ratio 
percentage.  In general, it was observed that the freezing point of PP 118°C and PP 
100°C, increased from Fry’s, Henrial, Recyclostab-451 with virgin PP to Recyclostab-451 
with Fry’s recycled, respectively. 
 
 The results of the energies of the PP at 118°C in figure 3.19 are divided by the energies 
of the PP freezing peak at 100°C and plotted in figure 3.23. 
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Figure 3.23:  The freezing peak energies of the two peaks, PP 117°C and PP 100°C, of 
Fry’s, Henrial, Recyclostab-451 with virgin PP and Recyclostab-451 with Fry’s PP 
divided and plotted against the ratio percentage. 
 
A general decrease in the peak ratios was seen for the increasing amounts of Fry’s, 
Henrial and Recyclostab-451 PP with virgin PP and Recyclostab-451 with Fry’s recycled 
PP.  This implies that they contain slightly more of the polymer material that freezes at 
100°C.   
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3.1.2.2. FTIR  
 
Fourier transform infrared analysis allows for the analysis of energies, which relate to 
particular molecular composition such as carbonyl groups (oxidation) or energies that 
can relate to the crystalline phases within a given polymeric structure. The peak at 
1750cm-1 (related to the carbonyl group 12,13) divided by the reference peak (3100-
3250cm-1) is plotted for each of the recycled ratio samples studied and is shown in figure 
3.24. 
 
 
Figure 3.24:  Integrated peak areas at 1750cm-1 for the oxidation of varied amounts of 
Fry’s recycled, Henrial recycled, Recyclostab-451 with virgin polypropylene and 
Recyclostab-451 with Fry’s recycled polypropylene.   
 
The oxidation peaks were divided by a reference peak to account for film thickness 
effects of the pressed samples.  A constant decrease in oxidation is observed for the 
respective polymer ratios as the amount of recycled material is increased.  It is not 
certain whether the Fry’s or Henrial recycled polypropylene could have contained long 
term heat stabilizers, which would account for the observed lower carbonyl group 
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content.  The stabilizers might have been introduced into the polypropylene recycling 
process by the recycling of lead acid battery cases already contained stabilizers.  
Noticeably, the virgin PP used contained a higher amount of carbonyl (oxidative) groups 
than the respective recycled materials. 
 
The crystallinity of the material generally increases as the amount of recycled material 
that contains shorter chained molecules is increased.  The increase in crystallinity leads 
to the ordering of the molecular chains of the respective polymer. This ordering can be 
related to the formation of certain energy bands, which can be determined by FTIR.  The 
most sensitive peak for determining the regularity within the molecular structure of 
polypropylene is the peak, at 998cm-1.  The regularity peak can generally be related to 
the crystallinity of the respective polymer and the results are shown in figure 3.25. 
 
Figure 3.25:  Integrated areas of peaks at 998cm-1 for the crystallinity of varied amounts 
of Fry’s recycled, Henrial recycled, Recyclostab-451 with virgin polypropylene and 
Recyclostab-451 with Fry’s recycled polypropylene.    
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The crystallinity peaks were divided by a reference peak to account for film thickness 
effects.  The relative crystallinity peaks of the polypropylene ratios showed a general 
increase as the amount of recycled material in the various ratio samples were increased.  
However, the results were scattered, where factors such as metal impurities contained in 
the recycled material and an unknown amount of stabilizers or additives could contribute 
to the variation. 
 
The crystallinity peak of polypropylene by FTIR simply gives the relative crystallinity and 
that the true crystallinity of the polypropylene can only be calculated if a reference of 
known crystallinity is used.  Literature, however, only describes the increase or decrease 
in crystallinity peaks of polypropylene when changing from a crystalline state such as a 
solid to an amorphous state when it is molten. They do not necessarily quantify 
differences in crystallinity of the solid polymer as a percentage or ratio19. 
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3.1.3.  Flow properties 
 
3.1.3.1. MFI 
 
MFI relates to the flow properties of the material in the molten state of a polymer.  The 
ease at which a molten polymer flows is dependent on various additives and the size of 
the molecular chains.  The technique can be used to give an indication to the extent to 
which the polymer had been recycled.  The technique can also give an approximate 
indication of the amount of recycled material in a particular mixture if the respective MFI 
values of the virgin and recycled material are known.  The MFI results of the various ratio 
samples prepared with different grades of recycled material added to virgin PP are 
shown in figure 3.26. 
 
Figure 3.26:  MFI values obtained for ratios of Fry’s, Henrial and Recyclostab-451 with 
virgin polypropylene and Recyclostab-451 with Fry’s recycled PP. 
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A relatively linear increase in MFI value was obtained for Fry’s, Henrial and Recyclostab-
451 with increasing concentration to that of virgin polypropylene.  The MFI values 
obtained for Fry’s recycled were higher than that for Henrial because it generally 
contained shorter molecular chains giving it higher flow properties.  Conversely, it was 
observed that for increasing additions of Fry’s recycled with Recyclostab-451 PP a 
constant decrease in MFI was observed. The equations of the respective ratios of Fry’s 
recycled, Henrial recycled and Recyclostab-451 with virgin PP and Recyclostab-451 with 
Fry’s recycled PP is shown in table 3.1. 
 
Table 3.1:  Best-fit equations obtained for the MFI analysis of the various ratio samples. 
 
 
The results showed that there is a linear relationship between the MFI values of the PP 
that is made from a mixture of two PP’s (in this case virgin and recycled) that have 
different original MFI values.  Depending on the ratio of the two dissimilar PP (in terms of 
MFI) materials, the resultant MFI of the material would then be proportionately between 
the MFI of the two starting materials.  The higher R2-values which were obtained for Fry’s 
and Henrial recycled PP shows that the data follows a straight line trend more closely 
than the polypropylene ratio’s which contained the recyclostab-451 stabilizer.  The low 
R2 – values for the samples containing the recyclostab-451 additive could be as a result 
of experimental error or as a result of sample deviances caused by injection molding . 
 
This is an important parameter in the manufacturing and quality control of battery 
casings. The above results shows that it is possible to quantify the relative proportions of 
virgin and recycled material for a specific sample if the MFI values of the virgin recycled 
material is known. 
Material  Equation R2 
Fry’s recycled PP with virgin  PP y = 0.041x + 8.46 0.93 
Henrial recycled PP with virgin PP y = 0.030x + 8.31 0.96 
Recyclostab-451 recycled PP with virgin PP  y = 0.019x + 8.39 0.87 
Recyclostab-451 with Fry’s recycled PP y = -0.022x + 11.93 0.89 
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3.1.3.2.  Rheology 
 
A range of flow characteristics can be obtained for polymers using rheology, where 
information such as the relative molecular weight of the polymer chains can be 
calculated.  The molecular weight data for the polypropylene grades used (Fry’s, Henrial, 
Recyclostab-451 and virgin polypropylene) were calculated from the frequency sweeps 
shown in figure 3.27 and are summarized in table 3.2.   
 
Figure 3.27:  Rheological frequency sweeps for recycled Fry’s, Henrial, Recyclostab-451 
and Virgin polypropylene. 
 
The frequency sweeps for the various grades of polypropylenes showed that the Henrial 
and Recyclostab-451 recycled material were similar in their rheological properties to that 
of the virgin PP.  Fry’s recycled material however, showed a decrease in the slopes of 
the storage modulus  (G’) and loss modulus (G”) curves.  This gives an indication that 
the Fry’s recycled material has much shorter chained molecules than the other materials.   
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Considering the storage modulus of a polymer, a curve with a small gradient generally 
relates to a polymer with a wide molecular weight distribution and vice versa for a large 
gradient.  Therefore the difference in the gradient of the G’ for Fry’s recycled when 
compared to the other materials, shows that the Fry’s recycled has the widest molecular 
weight distribution 9. 
 
The PDI values of Henrial recycled, Recyclostab-451 and virgin PP samples were 
relatively the same.  The PDI value describes the width of a molecular weight distribution 
and the value is obtained from the crossing point of G’ and G” of the frequency sweep 
graph. A small value generally refers to a narrow molecular weight distribution and a 
large one to a broad molecular weight distribution.  The PDI value for Fry’s recycled 
could however not be calculated as there was no crossing for the storage and loss 
modulus curves.  The G’ and G” curves for Virgin, Henrial and recyclostab-451 generally 
crossed at similar points, which refers them having similar polydispersity indexes (PDI).  
The calculated molecular weight data is shown in table 3.2. 
 
Table 3.2:  Calculated molecular weight data for Fry’s, Henrial, Recyclostab-451 and 
virgin polypropylene. 
 
Type GNo Mw PDI 
Virgin PP 318000 423100 2.924 
Fry’s recycled 374700 282900 - 
Henrial recycled 302400 405200 2.756 
Recyclostab-451 314000 430600 2.941 
 
 
The molecular weights and polydispersity indexes Recyclostab-451 and virgin 
polypropylene were very similar showing that the stabilizer could have contributed to 
maintaining a higher molar mass.   
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The molecular weight distribution for the different samples were calculated and from 
rheological data and are shown in figure 3.28: 
 
Figure 3.28:  The molecular weight distribution of Virgin, Fry’s, Henrial and Reclostab-
451 polypropylenes.    
 
The molecular weight distributions of the respective samples, showed two distinctive 
peaks, that relates to the presence of two different weight fractions of polypropylene 
within the samples.  The molecular weight distributions of the various peaks was 
deconvoluted using a peak separation program24 and an example is shown in figure 
3.29. 
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Figure 3.29:  Deconvolution of the molecular weight distributions for virgin PP. 
 
Deconvolution of the molecular weight distributions of the Fry’s recycled, Henrial 
recycled, Recyclostab-451 and virgin PP showed that the polypropylene contained two 
different average molecular weight distributions at 170 and 400kg/mol.  The integrated 
areas of the average weight (Mw) of the two peaks are shown below in table 3.3:   
 
Table 3.3:  Summary of the integrated areas for the two different molecular weight 
distributions present within the respective samples. 
 
Material 170kg/mol fraction area 400kg/mol fraction area 
Virgin PP 74.78 55.51 
Fry’s recycled PP 11.76 11.37 
Henrial recycled PP 76.6 61.72 
Recyclostab-451 PP 66.42 52.87 
 
The results show that the relative amounts of the two PP distributions that were present 
within the respective samples were relatively similar in their fractional contribution 
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especially for Fry’s recycled polypropylene sample.  The integrated areas of Fry’s 
recycled PP showed that the content of the two weight distributions of polypropylene at 
170 and 400kg/mol were less in comparison to the other samples studied.  This was also 
an indication that the Fry’s recycled mainly consisted of smaller molecular chains and 
that a large proportion is below an average molecular weight of 40kg/mol in comparison 
to the other samples.   These lower molecular weight fractions was however not obtained 
as the time period required for each measured point to reach equilibrium for the lower 
fractions, increases the analysis time for one sample by hours.  Hence result in 
erroneous results due the degradation of polypropylene at high temperatures. 
 
3.1.4. Sealing ability 
 
Rectangular shape samples of different ratios of recycled material (Fry’s, Henrial, 
Recyclostab-451) were melt-bonded to a grade of polypropylene that relates to an MFI of 
0.81g/10min.  The strength of the melted bond, which simulates the lid to case sealing of 
a lead acid battery, was determined by tensile testing.  Even though the material is 
regarded as a polypropylene it showed some considerable differences in terms of its 
chemical and physical properties.  In discussion the two virgin PP will be referred to by 
there respective MFI values.  The DSC, Rheological (average molecular weight 
distributions) and FTIR of the virgin PP used are shown in figure 3.30, 3.31 and 3.32 
respectively and the results are compared to that of the previous virgin PP (8.10g/10min) 
in order to investigate the bond strength of PP ‘s with very different MFI properties. 
 
The resulting bond strength of the various ratios of Fry’s recycled, Henrial recycled and 
Recyclostab-451 with virgin PP and Recyclostab-451 with Fry’s recycled to virgin PP 
(MFI of 0.81g/10min) is shown in figure 3.33.   
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Figure 3.30:  The melting isotherm for virgin polypropylene MFI 8.10g/10min and MFI 
0.81g/10min. 
 
Figure 3.31:  The molecular distributions of virgin polypropylene with a MFI of 
0.81g/10min and 8.10g/10min respectively. 
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Figure 3.32:  The FTIR spectra’s of virgin polypropylene with a MFI of 0.81 and 8.10 
g/10min respectively. 
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Figure 3.33:  Bond strength of virgin (MFI 8.5g/10min) and the various ratios of recycled 
polypropylenes to virgin polypropylene (MFI 0.81g/10min). 
  
The sealing of two virgin polypropylenes (MFI 8.5g/10min and MFI 0.81g/10min) showed 
the lowest bond strength of 16MPa.  In comparison, when the PP with a MFI of 
0.81g/10min was bonded to itself, almost twice the bond strength was achieved 
(30MPa).   The samples that contained 20% recycled PP improved the bond strength by 
37% and showed that an improvement in the flow properties of the polymers during 
heating due to recycled PP allows for a more compatible sealing, improving the tensile 
strength. 
 
Noticeably, the samples that contained Fry’s recycled showed a slightly higher bond 
strength to the virgin polypropylene (MFI 0.81g/10min) than the ratios of Henrial recycled 
and Recyclostab-451 with virgin PP and Recyclostab-451 with Fry’s recycled PP.  The 
bond strength of the ratio samples to the virgin PP (0.810g/10min) was similar to the 
tensile strength (30MPa) obtained for virgin PP in figure 3.1.   
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3.1.5. Stickiness of molten PP 
 
The stickiness of a substance can generally be related to the amount of polar groups, 
contained by a material, which gives it the ability to adhere to a given surface.  For 
molten polypropylene, the polar groups should increase during exposure to extreme 
temperatures and oxygen whilst being recycled 12,13.  The accumulation of carbonyl 
groups can generally cause the polypropylene to exhibit adhesive or stickiness 
properties.   
 
A convenient way of quantifying the polar groups (or stickiness) of specific surfaces is to 
measure the contact-angle (?) formed by a liquid-solid interface.  A polar liquid such as 
water is most commonly used.  If the ?-angle is greater than 90° the liquid tends to form 
droplets on the surface and when the ?-angle is less than 90° the liquid tends to spread 
out over the surface.  The latter generally refers non-polar and polar surfaces 
respectively 25.  The principle of measuring contact angle is shown in figure 3.34:        
 
 
 
 
Figure 3.34:  Shows the measurement of contact angle of a liquid-solid interface. 
 
The contact angle of water with virgin and 100% Fry’s recycled polypropylene is shown 
in pictures 3 .1 and 3.2. 
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Picture 3.1:  A drop of water placed on the surface of virgin polypropylene (MFI 
8.5g/10min). 
 
 
 
 
Picture 3.2:  A drop of water placed on the surface of 100% Fry’s recycled 
polypropylene (MFI = 12.34g/10min). 
 
Pictures 3.1 and 3.2 shows that no clear differences were observed between the contact 
angle of water with virgin PP and 100% Fry’s recycled PP. Both droplets showed a 
contact angle close to 90°. This contradicts literature as it is generally observed that for 
non-polar surfaces such as polypropylene 25, the contact angle should be more than 90°.   
 
The method of analysis of relating the contact angle to the stickiness of the material did 
not prove to be successful since a number of factors contribute to the contact angle 
between a liquid and a solid, such as temperature, impurities in the liquid and uneven 
surfaces.  It should also be borne in mind that the technique might not have been 
? 
? 
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sensitive enough to measure the small differences in polar content between the samples 
of this particular study. 
 
When virgin PP (MFI 8.5g/10min) and 100% recycled PP (MFI 12 g/10min) are 
compared in their molten state, a considerable difference in their properties was 
observed.  The molten 100% recycled PP tends to stick to metal objects whereas the 
virgin PP (MFI 8.5g/10min) tends to be more waxier in its contact to metal surfaces and 
is easier removed.  However, when the respective PP samples were allowed to cool 
down on a metal’s (Al) surface it did not show the same characteristics.  The PP could 
relatively easily be removed from the metal surface showing that the properties of the 
molten material are different to that of the solid samples. 
 
An alternative method for measuring the polar groups within polypropylene would be the 
measurement of the contact angle of molten polypropylene on a metal surface.  
However, oxidation of the polypropylene whilst heating and the use of an optical 
measuring device at high temperatures made this experiment impossible to perform. 
 
3.1.6. Routine analysis 
 
Lead acid battery casings that were received from a local battery manufacturer on a 
weekly basis for over a year, were analyzed by MFI and FTIR in order to introduce a 
quality control process for manufacturing of lead-acid batteries.  The aim was to establish 
whether there was a relationship between the MFI flow properties and the FTIR 
characteristics and if it could be related to that of good sealing ability and good battery 
box quality. The oxidation, crystallinity obtained from FTIR and MFI values of the 
different samples studied are shown in figure 3.34.  These were battery casings made by 
a supplier that contained a range of unknown quality recycled PP.  
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Figure 3.34:  MFI values and integrated areas for the oxidation peak (1600-1800cm-1) 
and crystallinity peak at 998cm-1 for the routine analysis of polypropylene battery casings.   
 
The oxidation peaks were divided by a reference peak to account for film thickness 
effects.  The results showed that the crystallinity and oxidation analyzed by FTIR for the 
battery cases remained relatively the same throughout the 28 weeks of analysis.  The 
MFI results showed a very broad distribution in the results during the 28 weeks of 
analysis. There was no clear correlation between the oxidation of the respective battery 
case polymer and the melt flow index values.   
 
Assuming that the battery casings were made from Fry’s recycled and Virgin PP that 
have MFI values of 12.34g/10min and 8.10g/10min respectively then using table 3.1, the 
percentage of recycled PP contained by the battery box can be determined.  As an 
example:  The battery cases that had an average MFI of 11.5g/10min (weeks 3, 4, 5, 8, 9 
and 20) would contain approximately 74% recycled material.   
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However, there were samples of MFI as high as 14 and 15, which is higher than the 
expected limit of 12.34 (Fry’s).  This is an indication that the MFI of the materials used 
are not controlled and indicates that recycled PP with a wide range of MFI was used. 
 
Over the duration of the 28 weeks of analysis a general increase and inconsistency in 
the MFI values was observed for the battery casings.  This can be related to problems 
experienced by injection molding of the respective cases and the sealing ability of the 
recycled material battery case to that of a virgin PP cover.  
 
3.1.6.  Summary 
 
The use of recycled and virgin PP is not new to the manufacture of lead acid battery 
casings.  The relative amounts of materials used are not necessarily specified and is 
generally considered as a “rules of thumb” to be 50/50 ratio. 
 
This study investigated the use of different grades of recycled PP for the manufacturing 
of battery cases.  The results showed that when recycled PP of certain grades is added 
to virgin PP the final materials physical and chemical properties are influenced.   For 
small additions (20%) of recycled to virgin PP a decrease of about 14% in the tensile 
strength was observed.  A decrease in the elongation (at max yield) and shore D 
hardness of the material was also observed at small additions (20%) of recycled 
material.  However when the recycled material was increased an increase in the 
respective physical properties was observed.  In general, the impact strength of 
polypropylene decreased as the amount of recycle PP was increased when compared to 
the 100% virgin PP samples. 
 
The DSC analysis of the samples made with different amounts of recycled virgin PP 
samples showed that there were slight changes in melting points and were made up of a 
broad melting peak that could be deconvoluted to show two melting points.   
 
Analysis of the respective ratios by FTIR showed that the carbonyl content, which is 
related to the amount of oxidation polypropylene had experienced, did not increase 
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significantly as the amount of recycled PP was increased.  However, the virgin PP used 
in the study did show a larger amount of carbonyl groups in comparison to the ratios of 
recycled and virgin PP.  An increase in the relative crystallinity of the respective ratios of 
virgin and recycled PP was observed, which relates to the impact strength of the 
material. 
 
The MFI of the PP made with different ratios and grades showed a linear change in 
terms of the amount of material with a particular MFI.  The linear relationship showed 
that it is possible to calculate the amount of recycled material within a given 
polypropylene sample, provided that the MFI’s of the starting polypropylenes are known.   
 
The rheological analysis of the respective starting polypropylenes for the ratio study, 
showed that the virgin, Henrial and a PP with a stabilizer had similar average molecular 
weights and Fry’s PP’s had short molecular chains.  The calculated molecular weight 
distributions of the polypropylene samples showed that there were two different PP 
molecular weight distributions present within each of the starting polypropylenes, which 
related to the DSC melting isotherms, also showing two melting peaks..   
 
The routine analysis of polypropylene battery casings made with different amounts of 
recycled material showed that it is important to clearly establish specifications for the PP 
to be used by the battery case molding company.  The MFI of the battery casings 
generally increased over the tested period, which showed that the g rade material, which 
was used for the respective battery casings generally became worse and that the 
increase in MFI was not compensated for by the addition of virgin PP.   
 
The sealing ability study showed that it is important to have material with similar flow 
characteristics when sealing battery cases and that a small amount of low molecular 
weight PP such as recycled polypropylene present in virgin material increases the bond 
strength.  The short-chained recycled polypropylene generally acts as a solvent and 
allows for better flow and better bonding of the respective polymer.  
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3.2.  Recycling of virgin and recyclostab-451 polypropylene 
3.2.1.  Physical properties 
3.2.1.1. Tensile strength 
 
Virgin PP and recycled PP containing a heat stabilizer, recyclostab-451, were chosen to 
investigate the effect of multiple processing on the physical and chemical properties of 
polypropylene.  In general, multiple processing of polypropylene causes molecular 
chains to undergo chain scissions due to mechanical stresses and the formation of free 
radicals during the autooxidation step of melting. Scission of the larger molecular chains 
increases the number of shorter chains of the respective polymer, which would lead to 
fewer entanglements and thereby decrease the tensile strength as shown in figure 3.35. 
 
Figure 3.35:  Tensile strength against process number of recycled virgin and 
recyclostab-451 polypropylene. 
 
All results and mathematical equations discussed in this study are unique for the 
materials used that were processed using the specified manufacturing properties. 
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A decrease in tensile strength is observed for both the virgin PP and recyclostab-451 
samples as they were subjected to multiple processing.  The observed decrease in 
tensile strength with recycling number was linear and can be described by the equations 
in table 3.4. 
 
Table 3.4:  The equations for the respective tensile data obtained in figure 3.35. 
 
Type Equation R2 
Virgin PP y = -0.8007x + 30.21 0.88 
Recyclostab-451 PP y = -0.4233x + 27.54 0.84 
 
The linear relationship shows that the virgin PP would decrease almost twice as fast than 
the material that contains the stabilizer.  The R2-values shows that the tensile strength 
values are slightly scattered.  This could have been as a result of sample variation that 
occurred during injection molding, processing or cooling of the respective sample pieces.  
 
3.2.1.2. % Elongation at max yield  
 
Elongation at max yield is affected by the degree of entanglements of respective chains 
of the polymer.  As the percentage of shorter chains starts increasing the percentage 
elongation decreases.  The results are shown in figure 3.36: 
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Figure 3.36:  Percentage elongation at max yield for virgin and recyclostab-451 
polypropylene against process number. 
 
The observed linear decrease in elongation at maximum yield with recycling for Virgin PP 
and Recyclostab-451 PP is similar to that observed for the tensile strength.  The 
equations are in table 3.5 and show that the virgin PP decreased in its elongation about 
twice the rate than the PP with the stabilizer.  Noticeably, the virgin PP decreased its % 
elongation after the first cycle by about 27% after which it followed a relatively linear 
decrease. 
  
Table 3.5:  The equations for the respective elongation data obtained in figure 3.36: 
 
Type Equation R2 
Virgin PP y = -0.3808x + 10.073 0.92 
Recyclostab-451 PP y = -0.1514x + 9.3487 0.75 
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The R2 results show relatively poor linear fit for the recyclostab-451 samples, which can 
be explained by experimental error since the % elongation is influenced considerably by 
a number of factors inherent in the material such as injection molding cooling rates and 
micro air cavities. 
 
3.2.1.3. Impact strength 
 
The crystallinity of a polymer relates to the amount of smaller chains in a polymer that 
would increase with processing.  An increase in crystallinity would lower the impact 
strength ability of a given polymer.  The results for the recycling of virgin and recyclostab-
451 polypropylene are shown in figure 3.37. 
 
Figure 3.37:  The impact strength values of virgin and recyclostab-451 PP against 
process number. 
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about 27% after the first process cycle where after it decreases linearly according to the 
equations described in table 3.6.  
 
The impact strength of the recycled PP that contained the recyclostab-451 stabilizer was 
considerably lower than for virgin PP of the initial received sample (0 cycle).    However, 
through subsequent cycling the impact strength remains relatively constant with an 
average value of 6.4kJ/m2, which was similar to that of the virgin PP after nine cycles of 
processing. 
 
Table 3.6:  The impact strength against process number can be described by the 
equations below. 
 
Type Equation R2 
Virgin PP y = -1.0595x + 15.87 0.85 
 
The first value at cycle 0 was excluded in determining the equation.  The decrease in 
impact strength is in general only applicable to the type of polymer investigated under 
certain recycling conditions. 
 
3.2.1.4. Shore D hardness 
 
The shore D hardness of a polymer should generally increase as the polymer is 
subjected to multiple recycling and becomes more crystalline. A minimum of 5 tests per 
sample were done and the results include the standard deviation error bars as an 
indication of the variation across the samples studied. The shore D hardness for the 
respective cycles of Virgin and Recyclostab-451 PP is seen in figure 3.38. 
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Figure 3.38:  Shore D hardness values and standard deviations obtained for respective 
recycles of virgin and recyclostab-451 polypropylene. 
 
The results show that the shore D hardness of the respective recycles of virgin PP and 
Recyclostab-451 PP fluctuated between 52 and 65 from cycle 0 to cycle 9.   The 
standard deviations of results per sample show that the fluctuation of the results for virgin 
PP and Recyclostab-451 could have been a result of sample variation that occurred 
during injection molding, processing or cooling of the respective sample pieces, since 
shore D hardness considers only the surface resistance to a penetrating pin. 
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3.2.2. Chemical properties 
3.2.2.1. DSC 
 
The heat flow curves for the respective cycles of virgin and recyclostab-451 PP (figures 
3.39 and 3.40) showed no visual differences in melting points (165°C) of polypropylene 
as it was subjected to multiple processing.  Small amounts of polyethylene (124°C) were 
observed for the recyclostab-451 recycled samples.    
 
Figure 3.39:  Melting isotherms for the respective recycles of Virgin polypropylene. 
 
The unstabilized virgin polypropylene showed an increase in degradation above a 
temperature of 190°C whereas the heating isotherms for the respective cycles of 
recyclostab-451 (figure 3.40) showed that the material was very stable at temperatures 
higher than 190°C.  A broad melting peak was observed between 150°C and 165°C, 
which showed that two peaks relating to different grades of polypropylene were present.   
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Figure 3.40:  Melting isotherms for the respective recycles of Recyc lostab-451 
polypropylene. 
 
The broad peak was analyzed using peak fit software24.  The absolute values of the heat 
flow data obtained for the heating isotherms of each respective curve was determined 
after which the first derivative of each graph was calculated.  Each individual curve was 
deconvoluted and the areas of the respective peaks were calculated and reported in 
Joule per gram of sample. An example of a deconvoluted heating isotherm peak is 
shown in figure 3.41. 
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Figure 3.41:  A DSC heating curve of the recycle virgin PP samples that have been 
deconvoluted using a peak fit software. 
 
The results of the peak areas for the two peaks determined for the virgin and recycled 
PP as it was subjected to a number of cycles is shown in figure 3.42: 
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Figure 3.42:  Integrated peak areas of the melting points of virgin and recyclostab-451 
polypropylene.   
 
The integrated areas of the processed virgin and recyclost-451 samples showed no 
noticeable variation, as the polymer was recycled.  The melting points of the two peaks 
obtained from deconvolution of the broad melting peak are shown in figure 3.43. 
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Figure 3.43:  Melting points of the two deconvoluted peaks for the recycled samples of 
virgin and recyclostab-451 polypropylene samples.   
 
The melting temperature for the PP peak that was observed at 165°C for the virgin PP 
showed a slight decrease in temperature as the material was processed, after which it 
remained relatively constant after 3 recycles. The melting temperature of the PP peak at 
165°C for the recyclostab-451 PP did not show any significant change, as it was 
recycled. The melting temperature for the PP grade which was observed at 150°C, 
showed slight variations between 144°C and 155°C when plotted against process 
number for virgin and recyclostab-451 PP. 
 
The ratio of the two peaks observed during heating (165°C and 150°C) and cooling 
(117°C and 100°C) was plotted against each other respectively and are shown in figure 
3.44.  This was done in order to determine if a change in the respective melting peaks 
would be an indication of the increase or decrease of one of the polymer types. 
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Figure 3.44:  The relationship of the two peaks observed during heating (165°C and 
150°C) and cooling (117°C and 100°C).  
 
The peak ratios obtained for the respective cycles of virgin PP and recyclost-451 showed 
no significant variation with increasing recycle number.    
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Small amounts of polyethylene were observed in the recyclostab-451 samples at 124°C, 
but were not observed for the virgin polypropylene samples. The results are shown in 
figure 3.45 and showed that there was no decrease in the amount of PE found in the 
samples as the recycle number increased. 
 
Figure 3.45:  Integrated areas for the small amounts of polyethylene that was observed 
in the respective recycles of recyclostab-451. 
 
The cooling curves of the respective samples were obtained by cooling at a constant rate 
of 15°C/min and are shown in figure 3.46 and 3.47 respectively.  
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Figure 3.46:  Cooling isotherms for the respective recycles of virgin polypropylene. 
 
Figure 3.47 Cooling isotherms for the respective recycles of recyclostab-451 
polypropylene. 
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The graphs were deconvoluted by using the peak fit software 24, showing that there were 
two distinctive freezing points (figure 3.48).  The integrated peak areas and peak 
temperature for the two freezing point graphs for the virgin and recyclostab-451 PP are 
shown in figure 3.49 and 3.50 and showed that there was no significant change in the 
integrated peak areas as the polymer was subjected to a number of recycle processes. 
 
Figure 3.48:  An example of a recycled virgin PP sample’s cooling curve that has been 
deconvoluted using a peak fit program. 
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Figure 3.49: Integrated peak areas of the freezing points of virgin and recyclostab-451 
polypropylene. 
 
Figure 3.50:  Freezing points of the two peaks for virgin and recyclostab-451 
polypropylene. 
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3.2.2.2. FTIR 
 
Each respective recycle of virgin and recyclostab-451 PP was analyzed by FTIR and the 
peak areas regarding the oxidation and crystallinity determined.  The oxidation and 
crystallinity peak areas are plotted against recycle number and are shown in figures 3.51 
and 3.52 respectively. 
 
 
Figure 3.51:  Integrated areas for the oxidation peaks obtained for respective recycles of 
virgin and recyclostab-451 polypropylene divided by a reference peak. 
  
The results show that the process of repeatable grinding and injection molding of virgin 
PP does not increase the carbonyl group content (oxidation).  This is in agreement with 
literature13, as oxidation was in many cases only observed after unstabilized 
polypropylene had been processed 17 or more at a temperature of 270°C.  Some 
literature states that oxidation was observed after 8 cycles of processing at 240°C for 
unstabilized virgin polypropylene 12.  This was however not observed where, the carbonyl 
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disappeared as the amount of recycling was increased.  The addition of the stabilizer to 
polypropylene seems reduce the formation of the carbonyl group content of the PP.  
 
The crystallinity of polypropylene generally increases as the amount of shorter chained 
molecules is increased during the recycling process.  The increase in crystallinity leads 
to the ordering of the molecular chains of the respective polymer, which can be related to 
the formation of certain energy bands and be determined by FTIR 19.  The most sensitive 
peak for determining the regularity within the molecular structure of polypropylene is the 
peak at 998cm-1 and is an indication of the crystallinity of the polymer under 
investigation.  The results are shown in figure 3.52: 
 
Figure 3.52:  Integrated areas for the crystallinity peaks obtained for respective recycles 
of virgin and recyclostab-451 polypropylene divided by a reference peak.  
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were observed for virgin PP and Recyclostab-451 PP regarding the measured 
crystallinity peak at 998cm-1 with regards to the recycling process.   
 
It should be noted that the measure of the crystallinity peak of polypropylene by FTIR 
simply gives the relative crystallinity and that the true crystallinity of polypropylene can 
only be calculated if a reference of known crystallinity is used.  Literature, however, only 
describes the appearance and disappearance of crystallinity peaks of polypropylene 
when changing from a crystalline state such as a solid to an amorphous state when it is 
molten and do not use it to quantify differences in crystallinity between solid polymer 
samples as such 19.   
 
External factors such as metal impurities and stabilizers (recyclostab-451) could have 
interfered with the regularity bands of polypropylene whilst being recycled.  The 
pressure, and the heating and cooling rate could also have influenced the crystallinity, 
which is necessary for the preparation of thin films of the respective polymer samples. 
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3.2.3. Flow properties 
 
3.2.3.1. MFI 
 
The multiple processing of polypropylene generally leads to the degradation of the 
material via the chain breaking mechanism.  Melt flow index can be a useful method to 
describe how much processing or degradation a polymer had experienced if the MFI and  
composition of the starting material is known.  The increases in melt flow values for the 
recycling of virgin and recyclostab-451 are shown in figure 3.53.   
 
Figure 3.53:  The MFI values against recycle number for virgin and recyclostab-451 
polypropylene. 
 
The results show that the MFI of virgin PP and recyclostab-451 PP increases as the 
material is subjected to a number of recycle processes.  The MFI of unstabilized virgin 
polypropylene increases linearly and more rapidly than the PP that contained the 
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polymer experiences.  The MFI values of the virgin PP would only increase by a factor of 
1.7 times greater than the recycled PP that contained the stabilizer. 
  
Table 3.7 :  Equations for the for the MFI results shown in Figure 3.53. 
 
Type Equation R2 
Virgin PP y = 1.6209x + 7.80 0.98 
Recyclostab-451 PP y = 0.9256x + 9.33 0.88 
 
If the type and MFI of the virgin PP initially used in the manufacturing is known, the 
results show that the amount of processing that a polymer was subjected to, can be 
determined.  This however, is not practical since a range of different types of PP is used 
in the recycling process that contains a range of unknown stabilizers and additives.  
However, accurate monitoring of the MFI can give a good indication of the grade of the 
PP and an approximation of the number of times a material has been processed. 
 
3.2.3.2. Rheology 
 
A range of flow characteristics of polymers can be obtained by using rheology.  
Information such as the relative molecular weight of the polymer chains can be 
calculated for each of the PP samples that were recycled. These are calculated from the 
respective frequency sweeps (Appendix C) and are summarized in figure 3.54. 
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Figure 3.54:  Calculated average molecular weight (Mw) against recycle number for 
virgin and recyclostab-451. 
 
The calculated average molecular weight data for the polymers decrease linearly with 
recycling number.  These results relate to the melt flow index values obtained for the 
respective polymers showing an increase with recycling.  The increase in flow and 
decrease in molecular weight implies that scissions of the molecular chains occur as a 
result of the recycling process12.  Noticeably, a large average molecular weight decrease 
of about 16% was observed for the samples after the first recycle.  A linear decrease in 
the molecular weight was observed for subsequent recycled samples. 
 
The linear decrease of the average molecular weight was determined by excluding the 0 
cycle point and the equations are shown in table 3.8.  
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Table 3.8:  The respective equations for the average molecular weight change with 
recycling for Virgin PP and Recyclostab-451 PP. 
 
Type Equation R2 
Virgin PP y = -0.8758x + 34.24 0.92 
Recyclostab-451 PP y = -0.5688x + 34.19 0.70 
 
The behaviour of polymers in general are not the same and the above relationship is 
unique to the type of polymer used and its process parameters.  The above illustration 
shows the influence of the stabilizers and the relationship between the MFI and 
molecular weight with recycling processing.  The low R2-value obtained for recyclostab-
451 shows a poor fit when compared to that of unstabilised virgin polypropylene.  This 
could have been as a result of sample variation that occurred during injection molding, 
processing or cooling of the respective sample pieces.  
   
The polydispersity index of a polymer describes the spread of molecular weight fractions 
within the calculated molecular weight distribution of a given polymer.  A small PDI would 
relate to a very narrow spread molecular weight distribution of a polymer, whereas a high 
one would relate to a polymer, which has a very broad molecular weight distribution.  The 
polydispersity indexes for the molecular weight distributions of the virgin PP and 
recyclostab-451 PP is shown in figure 3.55. 
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Figure 3.55: Calculated polydispersity indexes for the respective recycles of virgin and 
recyclostab-451 polypropylene.  
 
The results show that as the virgin PP and recyclostab-451 PP are subjected to the 
recycling process no significant changes in the average spread of molecular weight 
fractions were observed even though the average mol weight was decreasing with cycle 
number.   
 
The calculated molecular weight distributions for the virgin PP and recyclostab-451 are 
shown in figure 3.56 and 3.57 respectively. 
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Figure 3.56:  Molecular weight distributions for the respective cycles of virgin 
polypropylene. 
Figure 3.57:  Molecular weight distributions for the respective cycles of Recyclostab-451 
polypropylene. 
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The molecular weight distributions of the Recyclostab-451 were similar to the molecular 
weight distributions observed for the virgin material described earlier on.  Two distinctive 
peaks are observed for the various recyclostab-451 molecular weight distributions and 
shows that there were two types of polypropylene with different molecular weight 
distributions present within all of the samples.  This was also observed during the DSC 
analysis of the respective samples.   
 
The results show relatively broad distributions with two distinctive peaks at 170 and 400 
kg/mol respectively.  The peaks were deconvoluted using a peaks software program and 
the respective areas of the two peaks were plotted against cycle number as shown in 
figure 3.59 for virgin and recyclostab-451 PP.   
 
Figure 3.58, shows and example of a virgin PP molecular weight distribution, which was 
deconvoluted using peak fit software 24.   
 
Figure 3.58:  Shows the deconvolution of the molecular weight distribution for the 0 
cycled virgin polypropylene. 
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Figure 3.59:  The integrated areas of the deconvoluted peaks of the molecular weight 
distributions for the respective recycles of virgin PP and recyclostab-451 PP. 
 
A general linear decrease in the respective peak areas were observed for the two peaks 
seen in the molecular weight distribution curves of the virgin PP and Recyclostab-451 
PP.  The decrease in area shows that the amounts of the two types of polypropylene, 
with different molecular weight distributions, decrease as the polypropylene is subjected 
to more processing.  The equations are shown in table 3.9: 
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Table 3.9:  The respective equations, which describes for the decrease in the peak 
areas of the different molecular weight distributions contained by virgin PP and 
Recyclostab-451, when subjected to recycling. 
 
Type Equation R2 
Virgin PP (170kg/mol) y = -4.7994x + 69.66  0.78 
Virgin PP (400kg/mol) y = -4.0924x + 61.26  0.79 
Recyclostab-451 PP (170kg/mol) y = -3.5598x + 49.32  0.64 
Recyclostab-451 PP (400kg/mol) y = -2.1165x + 45.59  0.66 
 
When the slopes of the virgin and the recyclostab-451 PP are compared, it can be seen 
that the unstabilised virgin polypropylene’s weight fractions almost twice as fast as for 
that of the stabilized recyclostab-451 polypropylene.  In general, this shows that 
stabilized polypropylene experiences less chain scissions during the recycling process. 
 
The low R2-value shows that a poor fit is obtained to the linear equations.  However it 
should be taken into account that the areas determined for each molecular weight 
fraction does not include the molecular weight fractions below 40kg/mol and therefore 
could account for some error in the calculation of the peak areas. 
 
The R2-value obtained for recyclostab-451 polypropylene shows a much poorer fit when 
compared to that of unstabilised virgin polypropylene.  This could have been as a result 
of sample variation that occurred during injection molding, processing or cooling of the 
respective sample pieces. 
 
3.2.4. Summary 
 
The repeated recycling of battery casings influences the physical and chemical 
properties of the polymer and if no suitable stabilizers are added to the material with a 
good manufacturing quality control system, problems can occur that can lead to inferior 
products with an increased amount of waste.  The parallel study on the degradation of 
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virgin PP and recycled PP containing an additive showed that the tensile strength, 
elongation (at max. yield) and impact strength decreased as the respective polymers are 
repeatedly processed.  The shore D hardness of the respective recycles did not change 
significantly with recycling and has shown to give inconsistent results because the 
analysis evaluated only the surface of the sample. 
 
DSC analysis of the virgin and Recyclostab-451 PP samples showed no significant 
variations in the melting points or peak energies of the respective samples, as it is 
recycled.  The DSC study did however show, that it was possible to identify other 
polymers, such as polyethylene within polypropylene and also showed that the relative 
stability of the different polypropylenes at high temperatures can be determined. 
 
Spectroscopic studies of the respective virgin PP recycles showed that oxidation 
degradation does not generally occur during injection-molding or recycling.  The FTIR 
analysis of the recycled PP containing a heat stabilizer showed that the carbonyl content 
is reduced to such an extent that it is not possible to detect it.  The relative crystallinity of 
the respective recycled PP samples did not show any significant changes and could 
have been influenced by the cooling sequence used by injection molding and impurities 
contained in the polymer. 
 
Rheological and MFI studies showed that for the respective recycles of virgin and 
recyclostab-451 a decrease in the average molecular weight of the samples was 
observed and an increase in MFI, as is was recycled.  Two weight distributions of 
polypropylene were observed in the results for the virgin and recyclostab-451 samples, 
which correlated to the PP melting peaks observed by DSC analysis. The respective 
molecular weight distributions were analyzed using a peak fit program24 and showed that 
the area of the two peaks decreased, which implied that the relative amounts of the two 
species became less as the polypropylene was recycled.   
 
The decrease in area of the two peaks showed that the amount of the two grades of 
polypropylene present within the samples decreased with processing number. No 
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significant changes were seen for the width of the molecular weight distributions (PDI) of 
the respective cycles of the virgin and recyclostab-451 PP.   
 
The analysis of the average molecular weight data can be used to predict valuable 
information regarding the properties of the respective polypropylene samples.  A plot of 
MFI, tensile strength and impact strength against the calculated average molecular 
weight data shows that there is a relationship between the various physical properties 
and the molecular weight of the polymer material as it is recycled.  For a particular 
polymer sample that was subjected to a particular recycling process, the correlation of 
the average molecular weight, the impact strength or tensile strength and MFI of the 
sample are shown in figure 3.60, 3.61 for the PP that contains the stabilizer and 
unstabilized polypropylene respectively.   
 
Figure 3.60:  The relationship between the tensile, impact strength, MFI and molecular 
weight of the respective recycles of virgin polypropylene. 
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Table 3.10:  The equations for the linear relationships between tensile strength, MFI and 
impact strength with the average molecular weight of the virgin PP samples. 
 
Test Equation R2 
Tensile strength y = 0.7709x + 3.06 0.85 
MFI y = -1.7111x + 66.97 0.88 
Impact strength y = 0.8604x - 15.48 0.95 
 
However, if the recycled material contains the stabilizers a different correlation is 
observed and is shown in figure 3.61: 
 
Figure 3.61:  Shows the relationship between the tensile, impact strength, MFI and 
molecular weight of the respective recycles recyclostab-451 PP. 
 
Table 3.12:  The equations for the linear relation ships of Tensile, MFI and impact 
strength with the average molecular weight of the recyclostab-451 PP samples. 
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Test Equation R2 
Tensile strength y = 0.4433x + 11.52 0.44 
MFI y = -1.1283x + 49.17 0.49 
 
 
For both stabilized and unstabilized polypropylene good correlation is seen for the MFI, 
impact strength, tensile strength and average molecular weight data.  Of importance is 
the difference in the gradients of the various correlations for unstabilized and stabilized 
polypropylene.  The slopes of the linear relationships show that the change of the 
properties of the PP that contains no stabilizer is greater with recycling than that 
observed for the stabilized material.  Noticeably, the impact strength of the PP with the 
stabilizer did not change with increasing average molecular weight.  This could imply that 
the stabilizer improves to some extend the impact properties of the material. 
 
The R2-value obtained for recyclostab-451polypropylene however shows a much poorer 
fit when compared to that of unstabilised virgin polypropylene.  This could be due to the 
fact that the constants, which are used for the calculation of average molecular weight 
from the Rheological data, are constants, which relate to unstabilised polypropylene and 
could result in some error, due to the presence of a stabilizer such as recyclostab-451. 
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4.  Pb-acid battery monitoring 
4.1.1. Temperature sensor 
 
The monitoring of temperatures experienced by batteries in their application is difficult.  
Color dyes that can be added to polymers and then change color upon exposure to heat 
do exist. However, these dyes could not be added to PP due to the high processing 
temperatures. 
 
An artifact was considered which could be inserted into the Pb-acid battery that contains 
a temperature sensitive label.  The artifact would be inserted through one of the Pb-acid 
battery’s vent caps and can then be easily removed for viewing after the battery been 
subjected to higher temperatures than specified.  Different types of vent caps for different 
battery makes were considered in this study. 
 
Slight alterations to the vent caps of the lead acid battery were done, so as to allow the 
insertion of a temperature monitor.  For the automotive battery, a sleeve design that 
incorporates the temperature strips is proposed.  The sleeve can easily be placed over 
the float indicator that is used to monitor the specific gravity of the electrolyte.   The 
reflection of the temperature strips can then be seen from the top window, allowing for 
easy viewing of the strips and hence the maximum temperature the battery was exposed 
to. 
 
The following pictures are examples of the temperature monitor in various vent caps 
used for the industrial and automotive lead-acid batteries.  Technical sketches of the 
various temperature monitors are shown in Appendix D. 
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Figure 4.1:  Universal vent cap indicator for an industrial type lead acid battery typically 
used in stand-by applications. 
 
 
 
 
Figure 4.2:  Universal Industrial vent cap indicator used for traction type batteries in 
mining and forklift trucks. 
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Figure 4.3:  Automotive float indicator used for SLI batteries. 
 
 
 
 
 
Figure 4.4:  Industrial float indicator used for stand -by lead acid batteries. 
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Figure 4.5:  Automotive vent cap indicator used for SLI batteries. 
 
 
4.1.2. Testing 
 
The artifacts were presented to a local battery manufacturer for evaluation in existing 
batteries used by the mining industry. Ten prototype artifacts of those shown in figure 4.3 
were made for placing into mining batteries.  Their performance, stability and acceptance 
will be tested over the next few years during battery application. 
 
 
4.2.1.  Laser activated dye 
 
The labeling of batteries is very difficult as a result of the waxy nature of polypropylene.  
It is known that dyes exist which can be added to polymers, which enable lasers to write 
on them.  When the laser beam comes into contact with the surface of the respective 
polymer, the dye changes color to form an image, which is in contrast to the color of the 
polymer. In the case of black polypropylene the image would be light grey to white.   
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The addition of such a dyes has however not been tested in the application 
polypropylene which serves as the outer shell of the lead acid battery.  Different dyes are 
used for specific colors of polypropylene. These dyes were added to polypropylene 
battery casings to investigate their stability toward the corrosive sulfuric acid environment 
they will be exposed to and also test their ability to withstand elements such as sunlight 
and heat. In particular it was important to determine whether the trace-metals, which are 
contained by these dyes, would leach into the acid of a lead acid battery.  The tested 
polypropylene samples done by the two laser supplying companies are shown in the 
following figures. 
 
The following pictures shows laser writing done by Advanced Marking systems using a 
DPL laser on various polypropylene samples. 
 
 
Picture 4.6:  Black polypropylene containing Iriodin 830. 
 
 
 
Picture 4.7: Black polypropylene containing Iriodin 830. 
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Picture 4.8: Black polypropylene containing Iriodin 835. 
 
 
 
Picture 4.9:  Green polypropylene containing Iriodin 800. 
 
 
The following laser writings were made on polypropylene using a 10-watt Linemark laser 
printer and different scan speed settings. 
 
 
 
Picture 4.10:  Scan speed of laser set at 200mm/second. 
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Picture 4.11:  Scan speed of laser set at 500mm/second. 
 
 
 
 
Picture 4.12:  Scan speed of laser set at 100mm/second. 
 
 
 
Picture 4.13:  Scan speed of laser set at 400mm/second. 
 
 
 
Picture 4.14: Scan speed of laser set at 150mm/second.   
 
 
Polypropylene samples that had writing on them were subjected to sulphuric acid and 
sunlight conditions for 14 days respectively.  The results of the images are shown in 
pictures 4.15 – 4.17. 
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Picture 4.15:  Black polypropylene containing LS 830 
 
 
 
Picture 4.16:  Black polypropylene containing LS 835 
 
 
 
 
Picture 4.17:  Green polypropylene containing LS 800 
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Table 4.1:  ICP analysis for Fe of the acid used to test the polypropylene samples 
respectively. 
 
Sample identification  Result 
Fe (ppm) 
LS 830 2.04 
LS 835 1.82 
LS 800 2.02 
Control 1.91 
 
 
 
4.2.2. Summary 
 
The proposed designs for the continuous temperature monitoring of batteries in their 
application, showed that a temperature monitoring device could be easily fitted within the 
lead acid battery.  The various designs allow for easy viewing of the maximum 
temperature the battery had experienced and also allows for interchangeable 
temperature ranges, which a battery might be exposed to.  
 
The use of laser-activated dye in the manufacturing of battery cases is feasible where 
high resolution and good contrast markings are possible to obtain readable print bar 
codes on polypropylene. The writing and scanning process can be easily implemented 
into existing production processes.  The results showed that long term exposure to acid 
and sunlight should not influence the appearance o f the markings. 
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5.  Conclusion 
The study emphasized the need to understand the effect of using virgin and recycled 
polypropylene in making a lead-acid battery case.  It highlighted the use of an additive to 
prohibit the degradation of polypropylene and also defined parameters for the “tailoring” 
of recycled with virgin PP to meet consumer’s specifications. The use of a common 
technique such as MFI was shown to be feasible to determine the physical property 
changes and highlighted the importance of controlling the multiple recycling of PP, which 
is not avoidable.  This study also investigated the feasibility of a laser-activated dye for 
labeling and a universal temperature monitor for tracking of battery casings in its 
application.  The main findings are summarized in the following points. 
 
1. The study showed that the tensile strength a battery case containing a mixture of 
virgin and recycled PP does not significantly change with varying amounts of 
recycled material contained in it.  It was found that small additions of recycled with 
virgin PP decreased the hardness of the material and also showed that increasing 
amounts of recycled material for a low molecular weight recycled PP decreased 
the materials impact strength. 
 
It was shown that DSC analysis could be used for the determination of various 
types of polypropylenes contained within a specific sample and that there was a 
relationship between the molecular weight and the melting points observed.  
Deconvolution of the isotherms showed that there were two grades of 
polypropylene within the respective recycled samples with their own melting point. 
Spectroscopic analysis of the ratio samples by FTIR showed that the oxidation of 
the respective samples does not increase with increased amounts of recycled PP 
and that the relative crystallinity of polypropylene increases as the amount of 
recycled material was increased. 
 
A simple technique such as MFI was shown to be successful for the determination 
of recycled material contained by a specific battery casing as long as the MFI 
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value of the initial virgin and recycled PP is known.  It is possible to implement 
MFI as a quality control technique for the manufacturing of battery casings.  
Rheology was used to characterize the molecular weight characteristics of the 
respective starting polypropylenes and showed that there were two different 
molecular weight distributions within the starting materials that related to the DSC 
melting points. 
 
It was shown that polypropylenes with very different MFI values that are heat 
sealed together would result in a weaker tensile strength implying poor sealing of 
the battery case.  It is therefore important to ensure compatibility of the materials 
used in terms of their MFI and molecular weight distributions. 
 
 
2. The multiple recycling of virgin and recycled polypropylene containing a stabilizer 
showed that the tensile strength properties of the polymer decreased linearly with 
recycling but did not affect the general hardness of the polypropylene.  The impact 
strength of the PP containing the stabilizer showed no change with recycling 
whereas the virgin PP’s impact strength decreased linearly. 
 
The study showed that there was not a relationship between the peak energies of 
the melting and cooling peaks of the respective cycles of polypropylene with 
increased recycling.  The chemical analysis of the respective cycles of virgin and 
recycled polypropylene containing an additive did however show that there were 
two grades of polypropylene within all the samples when the respective isotherms 
were deconvoluted.   
 
Spectroscopic analysis by FTIR showed that the chain scission which occur for 
polypropylene during recycling are mainly as a result of heat and mechanical 
shearing and does not generally occur due to oxidation of the respective polymer.  
It was also seen that the relative crystallinity increases slightly with recycle 
number and that FTIR is not a reliable technique to determine absolute 
crystallinity of PP. 
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Analysis of the flow properties of the various cycles of recycled and virgin 
polypropylene showed that the flow properties of polypropylene increases with 
recycling and can be related to the decrease in molecular weight which occurs 
during recycling.  Rheology of the respective cycles of virgin and recycled 
polypropylene containing a stabilizer showed that the molecular weight of 
polypropylene decreased, as it was recycled.  There were two distinctive 
molecular weight distributions of polypropylene within the respective recycled 
samples, which related to the melting peaks studied by DSC. 
 
Good correlations were observed between the molecular weight, the tensile 
strength, the impact strength and the MFI of the respective recycles of virgin 
polypropylene.  This showed that it is possible to calculate the strength properties 
and molecular weight of a given sample if the MFI value is known for a particular 
polymer that was processed with specific parameters.  However, the correlations 
of the recycled PP with the stabilizer showed very different results implying that 
such a comparison cannot by applied in general, where care needs to be taken 
when considering the process parameters used and the types of materials with or 
without stabilizers. 
 
3. The results obtained from laser writing on the various polypropylene samples, 
shows that it is possible to incorporate a laser-activated dye within the lead acid 
battery casing for marking and labeling.  The dye is stable towards sunlight and 
corrosive acid and provides images of high resolution, which is easy to read with a 
commercial scanner.  The study showed that the incorporation of a temperature 
sensor for the continuous monitoring of batteries can be done by making slight 
alterations to the vent-caps of a given battery. The commercial temperature 
sensitive disk can be included into a polycarbonate housing to give permanent 
indication of the maximum temperature the battery was exposed to during its 
application. 
 
 
128  
 
References 
 
1. O. Schwarz – Polymer Materials Handbook, The Natal Witness Printing and 
Publishing Company (Pty) Ltd, Pietermaritzburg (Copyright 1995). 
2. R.W. Beck, American Plastics council, 2001 National Post consumer Plastics 
Recycling Report, October 2002. 
3. A. Valenza and F.P. La Mantia – Recycling of Polymer waste:  Part II – Stress 
Degraded Polypropylene – Polymer Degradation and Stability 20, (1988) 63-73. 
4. A. Valenza and F.P. La Mantia – recycling of polymer waste:  Part 1 – Photo-
oxidized polypropylene – Polymer Degradation and Stability 19 (1987) 135-145. 
5. Plastic additives –Academy for continuing Engineering Training – A short course 
that was presented by Johan Fourie in November 1996 
6. Urs Stadler, Ciba Specialty Chemicals corporation, Impact of Stabilization 
Additives on the controlled Degradation of Polypropylene, February 25 – 28, 2001, 
Presented at the international conference on Poly-olefins. 
7. Polymer Science Notes, National Diploma in Rubber Technology, Polymer 
Science, Compiled by Mr S Gerber. 
8. M. Buchinger, E. Ferg, T. Gries and M. Jones. Recycled Polypropylene Batteries, 
Phase II:  Experimental work done for the Willard batteries at the CSIR, 30 June 
1997. 
9. Short Course in Rheology, Visco-elastic deformation behavior Oscillatory tests.  
Presenters: PROF PAUL SLATTER, DR. IRINA MASALOVA, MR JOHN 
KNOWLTON, MR DAVE PERETT. 2003. Pg. 2- 41. 
10. R. Duren, Plastics control laboratory, Talk presented on the application of DSC to 
the investigation of damaged plastic materials at the LabTalk-seminar 1997 in 
Wetzlar, Published in the Mettler Toledo thermal analysis user’s manual, 
Germany. 
11. Hans Bode, Lead acid batteries, John Wiley and Sons, 1977.   
12. Q. Xiang, M. Xanthos, S. Mitra, S.H. Patel, J. Guo – Effects of melt reprocessing 
on volatile emissions and structural/rheological changes of unstabilized 
polypropylene – Polymer degradation and Stability 77 , (2002) 93-102. 
129  
13. V.A. Gonzalez-Gonzalez, G. Neira-Velazquez and J.L. Angula – sanchez, 
Polypropylene chain scissions and molecular weight changes in multiple 
extrusions – Polymer degradation and Stability 60, (1998) 33-42. 
14. Yu Long, Bill E Tiganis, and Robert A. Shanks – Evaluation of Recycled 
PP/Rubber/Talc Hybrids – Journal of Applied Polymer Science – Vol. 58, 527-535 
(1995) 
15. P.Blais, D.J. Carlsson and D.M. Wiles – Surface changes during polypropylene 
photo oxidation:  A study by infrared spectroscopy and Electron microscopy – 
Journal of Polymer science Part A-1 Vol. 10, 1077 – 1092 (1972). 
16. B.E. Tiganis, R.A Shanks and Yu Long – Effects of Processing on the 
Microstructure, Melting behaviour, and Equilibrium Melting Temperature of 
Polypropylene – Journal of Applied Polymer Science, Vol. 59, 663-671 (1996). 
17. Y. Feng and X Jin – Effect of self nucleation on Crystallization and Melting 
behaviour of polypropylene and its copolymers – Journal of Applied Polymer 
Science, Vol. 72, 1559 – 1564 (1999). 
18. R.P. Brown, Handbook of plastics test Methods, London, Published by Godwon 
(1981), pg. 148 – 161. 
19. Xinyuan Zhu, Deyue Yan, and Yapeng Fang – In situ FTIR spectroscopic study of 
the conformation change of isotactic polypropylene during the 6Crystallization 
process – Journal of physical chemistry B2001, 105, 12461 – 12463. 
20. Surya K. Mallapragada, Balaji Narasimhan – Infrared Spectroscopy in analysis of 
polymer crystallinity – Encyclopedia of Analytical chemistry R.A. Meyers (Ed.) 
21. Souheng Wu – Polymer molecular weight distribution from dynamic melt 
viscoelasticity – Polymer engineering and Science, mid-February, 1985, Vol. 25, 
No 2. 
22. Leo Mandelkern, The Relation between Structure and Properties of Crystalline 
Polymers, Polymer Journal, Vol. 17, No. 1, pg 337-350 (1985) 
23. Wolfgang Thimm, Christian Friedrich, Dieter Maier, Michal Marth and Jolef 
Honerkamp – Determination of molecular weight distributions from Rheological 
data: An application to polystyrene, polymethylmethacrylate and isotactic 
polypropylene – Applied Rheology 9,4, pg 150-157 (1999). 
130  
24. Jandel Scientific Software, PeakFitTM, Version 4.01 for Win 32, Copyright 1991-
1995, AISN 
25. PRA Coatings Technology Centre, Surface Tension and Contact Angle 
measurements on Liquids, www. PRA. Org.uk. 
26. Standard test methods for impact resistance of plastics and electrical insulating 
materials, Annual Book of ASTM Standards, Designation: D 256 – 90b, vol. 08.01, 
08.03 and 14.02. 
27. Standard Test Method for Tensile Properties of Plastics, D638-03, vol. 08.01. 
28. Standard Test Method for Flow Rates of Thermoplastics by extrusion Plastometer, 
D 1238 – 95, vol 08.10, 14.02. 
 
131  
 
APPENDIX A 
Specifications for Virgin polypropylene used in lead acid battery casings. 
 
TEST METHOD 
 VALUE UNIT ISO DIN 
PHYSICAL PROPERTIES     
Mass density 0.91 g/cm2 1183 5349A 
Melting point DSC 163 °C 3146 - 
Melt flow index MFI 230/2.16kg 8.5 G/10min 1133 53735 
MECHANICAL PROPERTIES     
Tensile strength at yield 
(50mm/min) 
29 MPa 527 53455 
Elongation at yield (50m/min) 6.5 % 527 53455 
Ultimate elongation (50mm/min) >40 % 527 53455 
Modulus of elasticity in tension 
(1mm/min) 
1450 MPa 527 53457 
Izod notched impact resistance 
(23°C) 
7.5 kJ/m2 180/1A - 
Charpy impact resistance (23°C) NB kJ/m2 179/1eU 53453 
Charpy impact resistance (0°C) NB kJ/m2 179/1eU 53453 
Charpy impact resistance (-20°C) 90 kJ/m2 179/1eU 53453 
Shore D hardness after 3 seconds 63 - 868 - 
Shrinkage 1.5 % * * 
THERMAL PROPERTIES     
Heat distortion temp HDT/A 
(1.8Mpa) 
50 °C 75 63461 
Heat distortion temp HDT/A 
(0.45Mpa) 
90 °C 75 53461 
Vicat softening point A/120 10N 153 °C 306 - 
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APPENDIX B 
Calibration results for MFI calibration. 
 
Standard 1 Cut-off 
(0.5min) 
MFI Average MFI 
(g/10min) 
Cut-off 1 0.1481g 2.96 
Cut-off 2 0.1458g 2.92 
Cut-off 3 0.1437g 2.87 
 
 
2.92±0.05 
Standard 2 Cut-off 
(0.5min) 
MFI Average MFI 
(g/10min) 
Cut-off 1 0.5128g 10.26 
Cut-off 2 0.4968g 9.94 
Cut-off 3 0.5262g 10.52 
 
 
10.24±0.29 
Standard 3 Cut-off 
(0.5min) 
MFI Average MFI 
(g/10min) 
Cut-off 1 1.3661g 27.32 
Cut-off 2 1.3906g 27.81 
Cut-off 3 - - 
 
 
27.57±0.35 
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APPENDIX C 
 
Figure 1:  Storage modulus for the respective recycles of virgin polypropylene. 
 
Figure 2:  Loss modulus for the respective recycles of virgin polypropylene. 
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Figure 3:  Complex viscosity for the respective recycles of virgin polypropylene 
 
Figure 4:  Storage modulus for the respective cycled of recycostab-451 PP. 
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Figure 5:  Loss modulus of the respective cycles of reclostab-451 PP. 
 
Figure 6:  Complex viscosity for the respective recycles of recyclostab-451 PP. 
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APPENDIX D 
1. Automotive temperature monitor 
 
Front view 
 
1410
Numbers corresponding to the correct 
temprature cell are engraved on the side.
 
 
 
Side view 
 
1
6 6
1 10 1410 10.2
46
43
40
Numbers corresponding to the correct temperature cell are 
engraved on the side.
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2.  Automotive Temperature monitor for float indicator: 
 
Side view 
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Sleeve design for Automotive Float indicator 
 
 
 
 
 
7
12
9
 
 
 
 
 
138  
3.  Industrial battery Temperature monitors 2.1 and 2.2  
 
Front view for 1 and 2  
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Side view 
 
Industrial monitor 1 
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Industrial monitor 2 
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